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A miniaturized translational motion stage has potentials to provide not only 

performances equivalent to conventional motion stages, but also additional features 

from its small form factor and low cost. These properties can be utilized in 

applications requiring a small space such as a vacuum chamber in a scanning electron 

microscopy (SEM), where hidden surface can decrease by manipulating objects to 

measure. However, existing miniaturized motion stages still have several cm
3
 level 

volumes and provide simple operations.  

In this dissertation, Micro-electro-mechanical systems (MEMS)-based motion 

stages are presented for micro-scale manipulations and related applications. Since 

most MEMS based multiple degrees-of-freedom (DOFs) motion stages still remain 

for in-plane motions, a nested structure approach is utilized to implement both in-

plane motions and out-of-plane motions. One independent stage is embedded into 

another stage with structural and electrical isolations among engaged stages and 

MEMS actuators and displacement amplifiers are also investigated for reasonable 

performance.  



 
 

3-axis motions are divided into two in-plane motions and one out-of-plane 

motion; an in-plane 1 DOF motion stage (called an X-stage) and one out-of-plane 1 

DOF motion stage (called a Z-stage) are designed and characterized experimentally. 

Based on the two stages, the XY-stage is designed by merging one X-stage into the 

motion platform of the other X-stage with a different orientation (called an XY-stage). 

With this nested approach, the fabricated XY-stage demonstrated in-plane motions 

larger than 50 µm with ignorable coupled motion errors. Based on this nested 

approach, the 3-axis motion stage is also implemented by utilizing the nested structure 

twice; integrating the Z-stage with the motion platform of the XY-stage (called an 

XYZ-stage). The XYZ-stage demonstrated out-of-plane motions about 23 µm as well 

as the in-plane motions.  

Two presented motion stages have been utilized in the manipulation of micro-

scale object by the cooperation of the two XY-stages inside a SEM chamber. The 

large motion platform of the X-stage is also utilized in a parallel plate type rheometer 

to measure the material properties of viscoelastic materials.  
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Chapter 1 Introduction 

1.1 Background  

A motion stage is a high-precision positioning device to restrict an object to designated 

motions. Moving or positioning an object within an acceptable range is so important and 

popular that motion stages have been utilized in a variety of applications from piezo-

actuated motion stages of a few cm
3
 [1,2] to an electrically actuated robot crane that is 

more than a hundred meters tall [3]. Among various applications, motion stages can also 

be utilized in micro- and nano-meter scale applications, including biological testing and 

manipulation [4–7], optical accessing and implementation [8–12], micro-structure 

assembling [13–16], and metrological utilization [17–19] for their nanometer-level 

accuracy and resolutions. For these applications, conventional precision manufacturing 

technologies have been used, but they are limited by their minimum volume size and 

capabilities. In these cases, the motion stages have come from micro-electro-mechanical 

systems (MEMS) [20], which can be interesting alternatives for their implementation. 

MEMS fabrication technologies initially came from semi-conductor industries and are 

based on an additive manufacturing concept, so they are equipped with various etching 

technologies, including a deep silicon etcher [21], depositing methods like chemical 

vapor deposition (CVD), and designing with contact lithography [20]. 

The MEMS-based motion stage has its own advantages. First, they have the 

capability to provide the performance or characteristics equivalent to a conventional 

motion stage in micro-level world. MEMS-based motion stages are particularly known 

for their nano-meter level accuracy and resolution, so they have been utilized in 
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applications requiring precision positioning such as controlling an optical fiber [10,22–

24], manipulating a biological cell [6,7], assembling nano-structures [14,25], and 

scanning with optical lenses [8,11]. Second, the small form-factor of the motion stage 

inherited from MEMS technologies can extend its application field. This property makes 

MEMS-based motion stages useful, when existing conventional motion stages are too big 

to install. For example, a motion stage is beneficial for the manipulation of an object 

under a scanning electron microscope (SEM) whose vacuum chambers are too small for 

the installation of conventional motion stages. However, there are a few conventional 

motion stages with a small footprint. Attocube [1], shown in Fig. 1.1, is the smallest 

motion stage yet reported and is capable of generating XYZ motions up to 5 mm with a 

volume of 24 x 24 x 25 mm
3
. However, they are very rare and also cost more than fifty 

thousand dollars per stage. Considering these properties, MEMS-based motion stages can 

offer a reasonable and affordable alternative in micro-level or nano-level applications 

[26]. Third, the batch process in MEMS foundries is favorable in mass-production, which 

can reduce the total cost and make MEMS-based devices disposable and portable. With 

expensive and bulky motion stages, the cooperation among multiple motion stages is hard 

to implement due to the gap between them and their cost.  

In summary, contrary to conventional motion stages, MEMS-based motion stages 

have the following advantages; an affordable price, nano-meter level accuracy, and a 

small form factor. With these features, MEMS-based motion stages can be utilized in 

applications that require strong portability or disposability or in areas with limited space 

for motion stages. Due to these features, MEMS-based motion stages have been used 

widely in applications such as manipulation [7,13,27,28], laser control [10], precision 
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positioning for scanning electron microscopy (SEM) [29–32], atomic force microscopy 

[19,33], scanning tunneling microscopy [13], and micro-grippers [6,7,28,34–36].  

 

Figure 1.1: ANSxyz50 Attocube [1] 

Parallel kinematic mechanisms (PKM) and serial kinematic mechanisms (SKM) 

are two principal kinematic mechanisms widely used in conventional motion stages. An 

example of a 6 Degrees-of-freedom (DOF) motion stage (called a Stewart platform or a 

hexapod), shown in Fig. 1.2, is implemented based on a PKM [37], which controls all six 

actuators at a same time to move an end-effector or a motion platform to a desired 

position with six DOF. In a PKM, the end effector is connected to all the actuators 

engaged in the system. With this approach, any motion error caused by one actuator can 

be compensated for by the others. Due to this feature, this PKM has been frequently used 

for applications that require higher DOF, including rotational motions. Contrary to PKM, 

SKM is widely used in 3 DOF or less for its simplicity. A typical implementation of 3 

DOF motion based on SKM is shown in Fig. 1.1 [1], where three single DOF motion 

stages are stacked for three DOF motions. This stacked structure is straightforward to 

design and its control scheme is simple and easy to use. However, the wiring or electric 
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connection of the stacked stages can cause motion errors due to wire stiffness. Both PKM 

and SKM have their own advantages and disadvantages, so an appropriate selection is 

needed for a successful design process. 

 

Figure 1.2: PI H-840 6-Axis Hexapod [37] 

 

In summary, a MEMS-based motion stage has various advantages over 

conventional motion stages, such as nano-meter level resolution or accuracy, smaller 

form-factor, and lower cost. That said MEMS-based motion stages also have their own 

disadvantages or weakness, like short travel distances or coupled motion errors from their 

limited fabrication technologies. However, with improved design and appropriate 

manufacturing approaches, MEMS-based motion stages can overcome their limitations 

and their application has been extended in both industry and research.  
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1.2 Motivation 

Many design constraints about MEMS motion stages come from the fact that their 

fabrication methods evolved from semi-conductor industries, which are well known for 

their planar circuitries. Existing MEMS-based motion stages based on planar structures or 

monolithic designs provide less flexibility and performance than conventional motion 

stages based on 3D spatial structures.  

It is important to investigate the implementation approaches available for MEMS-

based motion stages. Since many MEMS devices remain in a monolithic or planar 

structure, indirect approaches are frequently used to improve the capabilities of MEMS 

motion stages. Three commonly used implementations for MEMS and their 

characteristics are described in Table 1.1. Type A is a stacked structure based on SKM, 

with which 2 DOF motion is implemented by stacking one 1 DOF motion stage onto 

another. It is also possible to build a conventional 3 DOF motion stage in the stacked 

structure. The advantage of this approach, using the existing 1 DOF motion stage without 

significant modification, is that it provides straightforward direct control for 2 DOF 

motion. However, this structure can have a higher center of gravity and the manual 

assembly of the upper level of the stacked structure can be challenging in micro-scale 

MEMS devices because conventional bulky manipulators can damage MEMS devices 

accidently. It is also hard to align two MEMS devices accurately. Moreover, the electrical 

connections or cabling of the upper structure present another issue. In stacked structures, 

an upper structure should be free to move or float. However, wire stiffness is 

considerable compared with the stiffness of MEMS motion stages. Thus, this can result in 

translational or rotational motion error. In addition, the wiring bonding process itself 
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requires a few mg of forces, which can damage MEMS devices easily because they have 

only a few N/m levels of stiffness. 

Type B is a nested structure, which is a modified version of the stacked structure 

in type A. Instead of stacking one onto the other, one is fully embedded to the other. With 

this, nested structure, the MEMS device has improved dynamics and a lower center of 

gravity than the stacked structure. The most beneficial advantage of a nested structure, 

however, is that it is most compatible with MEMS fabrication technologies, allowing a 

manual assembly process to be avoided. In addition, electric wiring issues can be 

corrected with embedded electric paths. When an appropriate stage for out-of-plane 

motion is engaged, this approach has the capability of providing XYZ motions in MEMS. 

Except for these features, type B still has almost the same characteristics as type A. 

However, instead of the homogeneous stages used for type A, heterodyne stages are 

required to embed one stage into the others. This difference among the engaged stages 

can result in different behavior along the X and Y axes. 

Type C is a typical implementation of PKM for a 2 DOF motion stage. In type C, 

all actuators are connected directly to a motion platform, as shown in Table 1.1. Any 

motion error during its operation can be compensated for by multiple actuators engaged 

for accurate motions. However, for successful operation, type C requires accurate 

mathematical models between its inputs and the corresponding outputs. Type C is very 

compatible with MEMS fabrication technologies and especially is perfect for generating 

in-plane 2 DOF motion or XY-motions [13] or XYθ motion stages [11]. However, the 

motion stage including out-of-plane motion or XYZ-motions is quite difficult to 

implement in MEMS-based motion stages on this PKM. 
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Table 1.1: PKM and SKM [38] 

 Design Mechanism Advantage Disadvantage 

A 

 

SKM 

Modular, simple, 

ease to design 

and build, 

 

More inertia than C, 

Higher center of 

gravity, 

Moving cable or wires 

Difficult to implement 

in MEMS 

 

B 

 

SKM 

Lower of center 

of gravity 

Better dynamics 

than B 

Asymmetric dynamic 

along X and Y axes 

Same disadvantage to 

A 

C 

 

PKM 

Better 

repeatability than 

A and B, 

Flatness, 

Accurate motion 

Easy to 

implement in 

MEMS for in-

plane motion 

only 

Complex controller 

than A and B, 

Embedded sensors or 

pre-processing are 

needed 

Difficult to implement 

in MEMS for out-of-

plane motion 

 

 

It is true that 3 DOF or 3-axis motions are more efficient than pure in-plane 

motions in many applications, such as manipulation of 3D objects or bio cells, etc, 

because raising an object and jumping over another target are such common 
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manipulations and require spatial motions. Thus, it is worth developing a MEMS-based 

motion stage capable of generating 3-axis motion or XYZ motions.  

A considerable number of MEMS motion stages have been designed based on 

type C, which will be discussed in detail in Chapter 2. Contrary to this, it is important to 

note that only a few MEMS-based motion stags are available based on SKM. Since SKM 

has its own advantages, like simple control and an easy design, and many commercial 

products for 3 DOF motions or less have been developed based on SKM, it is worthwhile 

to design and build a motion stage based on SKM in MEMS. With these considerations in 

mind, it is also beneficial at least one reliable method of reusing existing MEMS devices. 

In designing 3 DOF motion stages, it saves effort and reduces design steps to find and use 

appropriate 1 DOF motion stages. It is well known that most existing MEMS devices are 

so dedicated to a specific application that it might be better to develop a whole new one 

rather than modify an existing MEMS design. However, reusing an existing motion stage 

design will not only save significant time spent designing the multi-DOF motion stages, 

but also guarantees a minimum level of performance inherited from the chosen motion 

stage. Thus, as will be shown, an XYZ-motion stage is implemented by selecting and 

optimizing existing motion stages and then merging them together based on a nested 

structure. Even when there is no appropriate motion stage available, this integration 

concept is still useful by dividing the design process of an XYZ motion stage into three 

components; the X, Y, and Z stages, respectively. This “divide-and-conquer” design 

approach is also beneficial in developing a complex design because two or more sub-

problems become simple enough to be solved directly. 



9 
 

In addition to this, it is also beneficial to develop motion stages based on 

electrothermal actuators. Currently more than 95 % motion stages in MEMS are based on 

electrostatic actuators because of their fine motion at high frequencies and their simple 

design, as discussed in the following chapter. Since each actuation mechanism has its 

own advantages and disadvantages, thermally actuated motion stages can be beneficial 

due to their higher force level, higher reliability in harsh conditions, and increase stiffness 

as compared to electrostatically actuated motion stages. These features are desirable 

especially in micro-manipulation and dirty environments. 

Based on these considerations, it would be beneficial to develop MEMS-based 

XYZ motion stages with new features: a nested structure based on SKM, electrothermal 

actuators, a mechanical displacement amplifier, or a lever and a motion platform. For a 

successful design, it is necessary to develop a dedicated analysis for an electrothermal 

actuator and a mechanical displacement amplifier and algorithms for coupled motion 

errors and reasonable implementation by introducing new features such as floating 

anchors, supporting frames, and levers to overcome any existing problems.  

1.3 Research issues 

This dissertation addresses the problems and challenges of existing MEMS based motion 

stages. The main research issues this study will address are as follows: 

1. Characterize the integration of thermal actuation with a transmission mechanism 

to realize a high force, large displacement 1 DOF motion stage: The XYZ motion 

stage presented in this dissertation is composed of two X-stages and one Z-stage. 

For desirable performance, like high force or large displacement, a similar 1 DOF 
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motion stage (called an X-stage) has been selected from previous research and 

optimized to meet its expected performance. Given that certain characteristics of 

the XYZ-stage are inherited from the engaged stages, its basic characteristics 

depend on the X-stage. The electrothermal actuator in the X-stage is also well 

known for its few milli-Newton level force and high reliability in a dusty 

environment. However, its range of motion is less than 20 µm, which is relatively 

short in micro-manipulation or other applications. In order to overcome this, a 

certain amount of force must be converted into additional displacement via a 

mechanical displacement amplifier (which in this dissertation is a lever). The 

analysis and the optimization of the electrothermal actuator in this dissertation are 

based on the fact that the actuator is under external mechanical load from the 

motion platform and the lever.  

2. Model the thermal actuation under an external load to implement a 1 DOF motion 

stage with a low level of stiffness: The motion platform of the X-stage is designed 

to support a nested structure, but this can also be used as an interface for other 

applications. One expected application of the X-stage is a parallel plate-type 

rheometer, which measures the material properties of viscoelastic materials by 

applying shear force and measuring its response. In order to apply shear force 

properly, it is necessary to know the area contacting a target material. This can be 

implemented by placing a target material between the motion platform and one 

stationary plate. In order to use the X-stage as a sensor, it should respond 

sensitively to changes in external resistance. To achieve this, the X-stage is 

modified to have more flexibility in this application. 
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3. Model and control of coupled motion error in 2 DOF and 3 DOF actuations: An 

XY-stage is implemented by embedding one X-stage into the motion platform of 

another X-stage with a different orientation. For successful implementation, any 

side-effects created by this integration should be minimized. Expected drawbacks 

include a reduction in its range of motion and the increment of coupled motion 

error. Successful mechanical isolation among the engaged stages can minimize 

any reduction of its original performance and avoid coupled motion error as much 

as possible. This study introduces additional features for this isolation to support 

the main components of the XY-stage. 

4. Modeling the thermal actuation for 1 DOF out-of-plane motion based on standard 

bulk micromachining technologies: An out-of-plane single DOF motion stage is 

rare in its ability to provide performance similar to an adapted X-stage, as will be 

shown in the literature review. Based on design considerations, including 

successful integration capability, similar displacement and stiffness to the X-stage, 

a Z-stage is designed and introduced in this dissertation. The presented Z-stage 

will be built based on the same fabrication methods used for the X-stage and 

demonstrate similar range of motion and stiffness.  

1.4 Dissertation scope and outline 

There are various MEMS-based motion stages designed for material testing, micro-

manipulation, and metrology, etc. However, this dissertation focuses on some interesting 

features that have not been well supported by existing MEMS-based devices. For a 

reasonable design process, this dissertation focuses on the following aspects of MEMS-

based motion stages. 
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1. For the characterization of the motion stage, maximum available displacement or 

force, frequency response, and coupled motion errors are taken into consideration. 

2. The total chip size or footprint is less than 10 mm x 10 mm and the electrothermal 

actuator is also less than 2 mm in length, because the SEM for micro-

manipulation has a vacuum chamber providing a volume of less than 50 mm x 50 

mm x 70 mm. In order to be installed inside a scanning electron microscope 

(SEM) and operated efficiently, the total footprint of a MEMS-based motion stage 

needs to be less than 10 mm x 10 mm. 

3. Most MEMS fabrication technologies used in this dissertation are bulk 

micromachining and the main processes in this dissertation follow Silicon-On-

Insulator Multi-User-Multi-Processes (SOI-MUMPs [39]), which are standard and 

without any additional processes like wafer bonding or Focused Ion Beam milling 

(FIB). In these processes, the starting material is an SOI wafer, which consists of 

three layers: a top silicon layer (called a device layer), middle silicon dioxide 

layer (called a buried oxide layer), and bottom silicon layer (called a handle layer). 

The top silicon layer is 30 µm fixed for commercially available products. 

4. The combination of electrothermal actuators and electrostatic actuators can reduce 

any side-effects created by the nested structure due to their different operation 

principles. However, for simplicity, only electrothermal actuation is discussed in 

this dissertation. 

5. The applications for which this dissertation aims are demonstrating a 

manipulation of a micro-scale object inside SEM and utilizing the presented 

motion stages for commercial applications.  
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 The rest of the dissertation is organized as follows. The next chapter surveys 

literature on MEMS-based motion stages, different actuation mechanisms, and various 

displacement amplifiers. Chapter 3 presents the design and optimization of the X-stage 

for a specific application; rheological measurement of cementitious materials. Chapter 4 

extends the X-stage discussed in Chapter 3 for a large stroke and a stiff structure, which 

will be utilized for the nested structure. Chapter 5 describes the XY-stage based on the X-

stage in Chapter 4 for designing grippers for cooperated manipulation. Chapter 6 

describes a novel out-of-plane motion stage, or Z-stage, for a nested structure. Compared 

to previously developed Z-stages, this Z-stage is designed to provide similar performance 

to the X-stage discussed in Chapter 4 and be compatible with the fabrication processes 

used for the X-stage. Chapter 7 describes the XYZ-stage based on the integration of the 

XY-stage in Chapter 5 and the Z-stage in Chapter 6 with a dual nested structure. With 

this dual nested structure, its mechanical behavior is monitored to discover any side-

effects. Finally, Chapter 8 summarizes the contributions of the current work, highlights 

anticipated benefits of this research in micro-manipulation or further applications as well 

as metrology, and outlines future work. 
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Chapter 2 Literature Review: MEMS based motion stages 

In this chapter, the literature related to the dissertation goal and scope described in 

Chapter 1 has been surveyed. A MEMS-based XYZ motion stage is presented to generate 

linear translational motions along the X, Y, and Z axes with reasonable characteristics for 

manipulation of micro-objects. This motion stage is called an XYZ-stage in this 

dissertation. Relevant researches are described based on their importance and similarity 

to this dissertation. 

A typical motion stage is composed of actuators, a motion platform (or an end-

effector) and mechanical guides between them. Actuators are supposed to convert electric 

signal, hydraulic pressure or compressed air into a physical motion. With these 

conversions, they can control the position of a motion platform. In a motion stage, the 

position change of a motion platform relative to a base (or a fixed reference) is a main 

concern. Various interfaces can be adapted in a motion platform depending on their 

applications. For example, robotic arms prefer to use a gripper or a jig as their end 

effectors to manipulate objects efficiently. In motion stages, a flat simple rectangular 

plate, shown in Fig. 2.1, is preferred to place an object.  

This motion platform is also linked to mechanical guides, which are designed to 

restrict the unnecessary motion of a motion platform and allow only the relevant motions, 

which determines the mechanical relationship between the motion platform and the 

actuators. Ball bearing, roller bearing, flexure, and cylindrical sleeve are frequently used 

as mechanical guides in conventional motion stages.    
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Figure 2.1: PI P-611.3 NanoCube® XYZ Piezo Stage Compact Multi-Axis Piezo System for 

Nanopositioning [2] 

  

When the motion platform needs to be controlled more than one direction, multi-

degrees-of-freedom (DOFs) motion stages can be used. The multi-DOF motion stage can 

be built by either using multiple single DOF motion stage simultaneously or a dedicated 

multi-DOF motion stage.  “Two-axis” motion stage is able to generate in-plane 2 DOFs 

motion and called as an XY-stage. “Three-axis” motion stage can produce 3 DOFs 

motions along X, Y, and Z axes and be called as an XYZ-stage. Sometimes, rotational 

motion can be included called a rotary stage. The motion stage can produce four or more 

DOFs motion when it is combined with rotary stages. When multiple single DOF motion 

stages are integrated for multi-DOF motion stages, the integration method and the 

properties of single DOF motion stages determine whole characteristics of a motion stage. 

In section 2.1 and 2.3, MEMS electrostatic actuators and electrothermal actuators 

for in-plane motions are surveyed. These actuators are widely used in MEMS 

applications and have demonstrated reasonable performances. Advantages and drawbacks 

of each actuator are summarized and listed in Table 2.1 and Table 2.3 from their 

applications. 
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In section 2.2, out-of-plane motion stages based on electrothermal actuators are 

surveyed. The presented XYZ-stage in this dissertation is composed of two in-plane 

motions along X and Y axes and one out-of-plane motion along Z axis. For successful 

integration among them, it is necessary to find candidates appropriate for this integration. 

To achieve this, current out-of-plane actuators are reviewed and compared. Current 

MEMS fabrication technologies are also taken into consideration, because of their limited 

capabilities in MEMS.  

In section 2.4 and 2.5, electromagnetic actuators and piezoelectric actuators are 

studied intensively. These actuators have their own applications, which are hard to find 

alternatives except them. Electromagnetic actuators are good at out-of-plane motion from 

its combination of permanent magnet and micro-coils and stiff piezoelectric actuators are 

frequently used in fine and accurate motion. Their advantages and limits are also 

discussed and compared with the others. 

In section 2.6, kinematic mechanisms for MEMS-based motion stages are 

discussed, which includes a mechanical displacement amplifier, and kinematic 

mechanisms among multiple DOF motions. Serial kinematic mechanisms (SKM) and 

parallel kinematic mechanisms (PKM) are surveyed to find an appropriate one for the 

presented XYZ-stage. PKM is more popular at MEMS XY-stages for its affordable 

implementation. However, PKM is challenging in XYZ-motion due to the fact that PKM 

is limited to implement Z motion or out-of-plane structure. In addition to this, PKM 

shows displacements shorter than SKM, because the final output will be the intersection 

of all the engaged actuators. Contrary to PKM, SKM is not easy to implement in MEMS 

for its electric connection to suspended structures, which can be overcome by a nested 
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structure. A nested structure is to embed one independent system fully into the other. 

Other properties such as a force level, a resolution, a frequency response, and coupled 

motion error are also important to evaluate motion stages. The characteristics obtained 

from these surveys are utilized to compare and evaluate the performance of motion stages 

presented in this dissertation. 

2.1 MEMS in-plane electrothermal actuators 

 

Figure 2.2: An electrothermal actuator based on a combination of a hot arm and a cold arm [40] 

The characteristics of a positioning stage depend on various features including its 

actuating mechanisms, actuators, and micro-transmissions. The literature review starts 

with details about actuators including basic principles, and their advantages and 

disadvantages. Once an actuation mechanism is determined, appropriate kinematic 

mechanism or mechanical linkages will follow for their motion platform.  

Electrothermal actuators utilize Joule heating for their operations. The current 

passing through actuators raises the temperature of the actuators, which results in thermal 

expansion. This can be converted into a meaningful displacement output by the actuator.  
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A laser or a high intensity beam can be used to raise the temperature of the 

electrothermal actuator and can eliminate complex electric connection issues for a remote 

control  [41]. However, this remote access is not efficient resulting in poorer performance 

than conventional actuators.  

The force from a thermal expansion of the beam is reported as tens of milli-

Newton level force, which is similar level to piezoelectric actuators and is almost tens to 

hundreds times larger than electrostatic actuators. This is one advantage of electrothermal 

actuators in applications requiring enough forces.  

However, the displacement by a thermal expansion is relatively smaller than the 

other actuators; the coefficient of thermal expansion of Silicon [42] is 2x10
-6

, which 

indicates about 0.2 % elongation of the beam with a maximum temperature of Silicon. 

When an electrothermal actuator has less than 1 mm length, this value can produce 20 

microns. Considering its length, this level of displacement is not enough in many cases. 

In order to overcome this shortage, mechanical amplifiers, such as lever or amplifying 

linkages, have been used with electrothermal actuators [43,44]. The appropriate lever 

design can increase its range of motion by converting some degree of its force, but 

inappropriate design, including lever ratio, can result in poor performance as well. 

Two designs of electrothermal actuators are widely used designs: a chevron type 

(or a bent-beam type) and a combination of a hot arm and a cold arm. The simple 

combination of a hot arm and a cold arm is illustrated in Fig. 2.2 [40] and a chevron type 

(or called bent-beam type) is in Fig. 2.3 [45]. In a combination of a cold arm and a hot 

arm, the temperature rise of a hot arm is much higher than that of a cold arm due to the 
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geometric difference between the two arms. This different temperature rise causes a hot 

arm expanded longer than a cold arm. Since these two arms are tightly coupled to each 

other at their ends, this thermal difference results in a bending motion toward a cold arm. 

Another advantage of this combination is that it is easy to generate out-of-plane motion 

when one arm is deposited on top of another and normal to the wafer plane [46]. This 

approach is simple to fabricate and is able generate a relatively long range of motion 

efficiently.  

However, this combination generates a curved motion, not a straight one, so this 

actuator can be utilized in specific applications, including optical switches or grippers. In 

addition to this, the bending motion causes shear force in connecting area between a hot 

arm and a cold arm and can present the reduction of its lifetime, because the connecting 

area is composed of multiple layers and adhesive force among layers is relatively weak. 

A bent-beam or a chevron type electrothermal actuator is alternatives of the 

combination of a hot arm and a cold arm [18, 26, 29, 33]. As shown in Fig. 2.3, typical 

chevron type electrothermal actuator consists of multiple beams in a row, where two 

beams are connected to each other with a bent angle. When electrical current flows from 

one end to the other end of the beam, thermal expansion of the beams generates a linear 

motion toward a designated direction by the bent angle indicated by the arrow in Fig. 2.3. 

This symmetric layout in bent beam actuators produces a linear motion along its shaft and 

has been used for motion stages and micro-manipulation.  
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Figure 2.3: The chevron type electrothermal actuator [48] 

A few relevant electrothermal actuators are listed in Table 2.1 for in-plane motion 

and Table 2.2 for out-of-plane motion. Syms et al. 2002 [40] demonstrates a typical 

combination of a cold arm and a hot arm electrothermal actuator and use it to move and 

align an optical fiber. For optical fibers with diameters from a few microns to tens of 

microns, a displacement amplifier is used with this actuator with which displacements 

more than 600 μm is generated and observed. However, the footprint of the proposed 

system is relatively huge compared to other MEMS devices. In addition to this, the 

extended cantilever beam as a mechanical amplifier works successfully with a curved 

motion, not a linear motion.  

A photo-thermal actuator utilizes a focused high-intensity light to raise the 

temperature of the actuator, instead of physically connected electric power [41]. The 

actuator has a big receiver to absorb thermal energy from an illuminating light source 

efficiently. This approach makes a remote control possible and electric connection simple, 
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although the expected displacement of this actuator is relatively lower than direct electric 

connection.  

 

Figure 2.4: The cascade type based on bent-beam actuators [49] 

The maximum range of motion from the electrothermal actuator is relatively 

shorter than the other actuators, because the thermal expansion of beams is very small or 

10
-6

 level. In order to overcome this performance issue, Que et al. 2001 [50] suggested a 

cascade structure shown in Fig. 2.4, where multiple actuators are connected like a 

cascaded structure. Contrary to a single beam actuator, output displacement at its final 

end is an accumulation of the engaged actuators allowing a larger displacement.  

Cao et al. 2007 [51] developed a bidirectional electrothermal actuator utilizing 

Lorentz force; a current flowing through the electrothermal actuator is affected by 

external magnetic field resulting in additional force. Electrothermal actuators utilize Joule 

heating and their electrical current density is important, not their directions. However, 

current direction can determine the direction of motion by their Lorentz force. To achieve 
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this, instead of a bent-beam, a flat beam is used and will be bent by this Lorentz force. In 

this case, this electrothermal actuator with a flat-beam is able to move forward or 

backward, since Lorentz force will determine the direction of a motion. However, its 

maximum displacement is not large, because the force by Lorentz force is a few micro-

Newton level of force and the beam is designed to be more flexible to utilize this Lorentz 

force efficiently.  

Luo et al. 2005 [52] reported three different electrothermal actuator utilizing 

vertical bars and constraint beams, which enable one actuator to be folded multiple times 

to fit in allowable spaces. The suggested actuator with 800 μm long beams produces 

displacement of more than 30 µm, which is similar to a maximum displacement of a 

cascaded actuators with similar sizes [47]. However, it is important to insulate the 

constraints beams thermally from the actuator, because those constraints beams should 

remain on a same length to produce large displacement. This indicates thermal insulation 

structure is needed, which is not easy to implement in SOI-MUMPs [39].  

Zhu et al. 2006 [53] utilizes electrothermal actuators for tensile testing of micro-

scale materials. To achieve this, material testing system is composed of an actuator to 

generate a precision motion, an embedded sensor, and the reasonable thermal isolation 

between the material to test and the actuator. The tensile material test needs enough force, 

so that the electrothermal actuator is utilized. In a material test, one piece of a sample is 

placed between the actuator and the embedded sensor. The bent beam angle of the 

actuator is 30 degrees, which is several times larger than typical bent-beam type actuators 

indicating that the actuator is optimized for its desired force and displacement level.  
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Chu et al. 2003 [43] reported a 2 degrees-of-freedom (DOFs) positioner with two 

embedded capacitive sensors. The 2 DOFs motion is designed by connecting the shaft of 

one actuator to another with an orthogonal orientation. This connection is straightforward 

and an efficient method. However, the shaft used in this stage is designed to be flexible to 

reduce coupled motion error between the two actuators, which causes lower stiffness and 

poor frequency response. In order to measure its displacement with sub-nanometer 

resolution, a compliant displacement amplifier called high amplification compliant 

micro-transmission has been adapted as shown in Fig. 2.4 [54]. With this amplifier, the 

embedded sensor can get 3.37 times larger signals resulting in higher sensitivity. This 

micro-transmission is also based on a monolithic layer and well compatible with MEMS 

fabrication technologies. 

Duc at al. 2008 [34] reported a novel polymer-based electrothermal actuator, 

which consists of a silicon frame and multiple polymer stacks. The silicon frame operates 

as a micro-heater and consists of serpentine beams for an efficient heat exchanger. The 

gaps among serpentine beams are filled with a SU-8, which is expanded thermally to 

produce a displacement. When an electrical current flows through serpentine beams, a 

Joule heating will heat up the polymer resulting in in-plane motion. A micro-gripper is 

also demonstrated by connecting two polymer actuators orthogonally, which is able to 

cover a workspace of 17 μm x 11 μm. This polymer stack is simple to build, but a 

combination of polymer structure results in the stiffness of 11.4 N/m and a force level of 

814 μN, which are relatively smaller than typical electrothermal actuators ranging 

hundreds N/m and mN level force. 
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Murthy et al. 2009 [55] introduced 4 DOFs micro-robot based on electrothermal 

actuators. The main components are built on conventional MEMS fabrication methods 

and then assembled for 4 DOFs motion; two 2 DOFs electrothermal actuators are 

connected to each other by a vertical link, which is also linked to another 2 DOFs 

actuator through a copper wire for 4 DOFs motion. The robot demonstrated a 

displacement of 46.5 μm and a rotational angle up to 11.1 degrees.  

Some interesting and relevant electrothermal actuators are selected from previous 

research and tabulated in Table 2.1 with their important characteristics, including the 

footprint, DOFs, force, power, and other interesting features.  

Table 2.1: Electrothermally actuated micro- and nano-positioning stages for in-plane motions 

Reference DOF Motion 

range  

Force 

(mN)  

Power 

(mW) 

Foot print (in 

µm unit) 

Features 

Oliver et al, 

2003 [41] 

1 12 μm 

5.7 deg. 

0.0054 

mN 

220  2 x 350 (L) x 4 

(W)  

Photo-thermal, 

Cascaded type 

Syms, 2002 [40] 1 600 μm - 250  1400 (L) x 30 

(W) x 100 (T) 

Bimorph type, 100 

Hz (1
st
 resonant 

frequency), 

mechanical 

amplifier by a 

suspended 

cantilever 

65 μm - 250  4000 (L) - 

Park et al, 2001 

[47] 

2 33.4 μm 0.15 250 - 300 

(6V – 

8V) 

500 – 1000 (L) 

x 6.5 (T) 

Rotary actuator 

Cascaded type 

1 104 μm 0.204 < 12 V 500 – 1500 (L) 

x 8 -14 (T) 

Inchworm type, 

Electroplating of 

Ni 
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Comtois et al, 

1997 [56] 

1 22.5 μm 0.030 – 

0.045  

38 - 43  150 (L) 1.57 kHz (1
st
 

resonant 

frequency) 

300 (L) 485 Hz (1
st
 

resonant 

frequency) 

Chu and 

Gianchandani, 

2003 [43] 

2 19 μm 72.5 1300 3000 (L) x 36 

(W) x 60 (T) 

SOI  wafer, 

Capacitive sensor 

with 0.3 nm 

resolution, 

Mechanical 

amplifier with 

3.37 ratio 

Cragun and 

Howell, 1999 

[57] 

1 20 μm 142.9 200 300 (L) x 3 

(W) x 3.5 (T) 

Bent-beam type 

12 μm 76.2 170 250 (L) - 

Lott et al, 2002 

[48] 

1 13 μm - - 200 (L) x 3 

(W) 

Bent-beam type, 

Surface 

micromachining 

Que et al, 2001 

[50] 

1 10 μm 8.3 130 mA 410 (L) Cascaded type 

70 μm 

(expecte

d) 

2.5 – 

0.5 

- 2000 (L) 

Kim et al, 2012 

[27] 

2 60 μm 

(X) 

125.3 

mN 

(expect

ed) 

5 V 1000 (L) x 16 

(W) x 30 (T) 

0.71 kHz (1
st
 

resonant 

frequency in the 

X-stage),  

55 μm 

(Y) 

 2.63 kHz (1
st
 

resonant 

frequency in the 

Y-stage), 1:11 

lever ratio 

Sebastien et al, 

2005 [44] 

1 13 μm - 5 V 600 (L) x 12 

(W) x 10 (T) 

A 1:10 lever, 7 nm  

resolution 

Zhu et al., 2006 

[53] 

1 0.7 μm 43.2 

mN 

15 mA 300 (L) x 8 

(W) x 3.5 (T) 

material testing 

applications, SOI 

wafer 
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Zhang et al., 

2008 [4] 

1 9 μm - 380 - Bent-beam type - 

polymer 

Luo et al, 2005 

[52] 

1 33 μm - T=700K 

Insulatin

g beam 

or 

supportin

g beam 

800 (L) Spring cascaded 

type 

25 μm - 800 (L) deflector 

20 μm - 400 (L) Bent-beam type 

with constraint 

beams and vertical 

bars 

Cao et al., 2007 

[51] 

1 4.5 μm 100 μN 20 – 40 200 (L) x 2 

(W) x 3.5 (T) 

Bidirectional 

motion from the   

electromagnetic 

force and 

electrothermal 

actuator 

40 μm 20 mN 1000 – 

3000 

2000 (L) X 5 – 

15 (W) x 50 

(T) 

SOI wafer 

80 μm Several 

mN 

2000 – 

4000 

2000 (L) X 5 – 

15 (W) x 50 

(T) 

Made of nickel 

only 

Maloney et al., 

2004 [58] 

1 > 2 mm 6.7 mN 12 V 1000 (L) x 10 

(W) x 50 (T) 

Inchworm type 

Guan and Zhu, 

2010 [45] 

1 1.1 μm - 11 mA 200 (L) x 2 or 8 

(W) 

Z-shaped straight 

beam, Its force is 

between comb 

drive and bent-

beam thermal 

actuator. 

Lin and Chiou 

2012 [59] 

2 25 μm 15 mg 5 V 630 (L) x 30 

(W) x 100 (T) 

PKM with 

decoupling folded-

flexure beams, 

Displacement of 

31 μm makes 

coupling motion 

of 0.4 μm, SU8 

isolator 

- - - - 

Kapels et al., 

2000 [60] 

1 250 nm 20 mN 35 mA 400 (L) x 20 

(W) 

Design for fracture 

tests 
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Baker et al., 

2004 [61] 

1 18 μm 180 μN 300 300 (L) x 4 

(W) x 2.25 (T) 

Bent-beam type 

Duc et al., 2008 

[34] 

2 17 μm 

(X) 

196 μN 2.5 V 365 (L) x 120 

(W)  

Polymer thermal 

actuator, a micro-

gripper, 

Coordinated 

manipulation by 

2x1 layout 

11 μm 

(Y) 

814 μN - 

Chen et al., 

2002 [62] 

1 23 μm - 7 mA Hot arm: 250 

(L) x 2 (W) x 

3.5 (T), Cold 

arm: 215 (L) x 

15 (W) 

Standard a hot arm 

and a cold arm 

type actuator 

Hubbard and 

Howell 2005 

[63] 

1 52 μm 

(bi-

stable 

mode) 

+/- 8 μm 

(normal 

mode) 

- - 1
st
: 200 (L) 

2
nd

: 700 (L) 

3430 x 1630 

Modified cascade 

type 

A combination of 

a bi-stable mode 

actuator and a 

normal actuator 

Shay et al., 2008 

[64][28] 

3 

(X,

Y, 

θ) 

33 μm 

(X) 

10 μm 

(Y) 

9 deg. 

(θ) 

850 ug - 720 x 720  

200 (L) 

(estimated) 

Designed for a 

micro-conveyor  

Anderson et al., 

2009 [28] 

1 2 μm - 10 V 2 x 200 (L) x 2 

(W) x 5 (T) 

2-fingers gripper 

system 

Pick-and-place 

operation for 

manipulation 

Murthy and 

Popa 2009 [55] 

4 50 μm x 

50 μm x 

75 μm 

- 20 V 3000 x 2000 x 

1000 

0.5 μm / 0.015 

deg. repeatability 

Compliant region 

for assembly 

Moulton and 

Ananthasuresh 

2001 [65]  

1 - - - - Cascaded type 

3 33 μm - 19 V - 3 x 2 array 

Kim et al., 2008 

[7] 

- - - - 5000 20 nN force 

resolution 
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There are some observations on Table 2.1; (i) the actuators based on surface 

micromachining technologies demonstrate micro-Newton level of force [26, 28, 33, 36, 

42, 43], meanwhile the actuators based on bulk micromachining technologies produces 

milli-Newton level of force [18, 37, 39]. This difference comes from their thickness; 

surface micromachining allows a few μm thickness, but bulk micromachining can handle 

up to hundreds μm thickness. (ii) It is fairly hard to compare energy efficiency of 

presented electrothermal actuators due to a lack of information. (iii) The electrical source 

commonly used in the electrothermal actuators varies from driving voltages of 5 V to 15 

V or input watts of 100 to 300 mW. (iv) Electrothermal actuators show relatively higher 

energy consumption than electrostatic and electromagnetic actuators. (v) Most 

electrothermal actuator requires firmly fixed grounds (called an anchor) for maximizing 

its output. Without these anchors, thermal expansion of beams cannot be converted into a 

displacement completely. Based on these features, successful operation of electrothermal 

actuators need anchors to hold their both ends and enough electrical power.  

2.2 MEMS based out-of-plane electrothermal actuators 

The electrothermal actuators for out-of-plane motions are surveyed in this section and 

summarized in Table 2.2. Out-of-plane motion is a motion normal or vertical to wafer 

plane. Most MEMS fabrication processes are based on monolithic structures and focus on 

in-plane structures. Considering this kind of situation, in-direct fabrication processes are 

required for out-of-plane motion, which prevents out-of-plane actuator from being used 

widely in various applications.  

Given that 3 DOFs stages presented in this dissertation require the integration of 

an out-of-plane stage with two in-plane stages, out-of-plane actuator or motion stage 
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needs to have good integration capability with MEMS in-plane actuators and similar 

characteristics with chosen in-plane actuators or motion stages. From this point of view, 

several relevant out-of-plane electrothermal actuators are surveyed and summarized in 

Table 2.2. 

One direct method to build structures for an out-of-plane motion is to manually 

rotate in-plane electrothermal actuators and arrange them normal to a wafer plane [66]. 

This process does not require additional effort to design and build out-of-plane actuators 

and out-of-plane actuators are the same with in-plane actuators, so that out-of-plane 

actuator can have similar properties with in-plane actuator, including a range of motion, a 

maximum force and stiffness. However, this manual assembly is hard to control 

accurately enough to guarantee equivalent performances over multiple chips. In addition 

to this, a latch structure used for the assembly process has a possibility to cause a motion 

error or a wrong aligned motion. Based on this observation, manual assembly process or 

utilizing in-plane actuators does not fit well with advantages from MEMS technologies. 

One widely used design is a bimorph actuator or a combination of a hot arm and a 

cold arm [32, 53–56]. This bimorph actuator can generate in-plane motion by placing two 

arms on the same plane or out-of-plane motion by placing one arm onto the other. The 

bimorph type actuator demonstrates better energy efficiency and a larger displacement 

than other electrothermal actuators. However, this bimorph type is desirable to produce a 

curved motion but not appropriate at a linear motion. For large stroke, this bimorph type 

tends to have a long and slender shape. In this case, it is not easy to integrate this type 

with other MEMS devices for their applications. In addition to this, thermal insulation is 
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required at the end of the bimorph type actuator to prevent any thermal effect on a target 

physically contacted.  

In order to improve an out-of-plane motion, various designs and principles are 

applied to an electrothermal actuator [71–74]. Buckling effect of a beam is a simple 

method to generate out-of-plane motions without complex fabrication processes. 

Buckling occurs when an internal load of a beam is over its buckling limit [58, 60]. 

However, buckling operates at bi-stable mode, which is difficult to control its motion 

accurately between pre-buckling mode and post-buckling mode.  

Varona et al. 2009 [73] reported a novel out-of-plane electrothermal actuator  

generating an out-of-plane motion, which is inclined to a wafer plane, not normal. This 

actuator is designed by a combination of notches for an out-of-plane motion and bent-

beams for an in-plane motion allowing a skewed out-of-plane motion. This actuator will 

be advantageous in applications requiring inclined motions such as Stewart platform, 

which needs six inclined actuators for 6 DOF motion. There are, however, no details 

about its working principle or following papers for this design.  

Chen et al. 2003 [75] and Chen et al. 2008 [71] applied a step-bridge structure to 

a single beam electrothermal actuator for out-of-plane motion. Similar to a combination 

of a hot arm and a cold arm, this step-bridge structure on a single flat beam is also able to 

generate out-of-plane motions, when thermally expanded beams generate rotational 

motions near a step-bridge. In addition to this deformation, buckling effect is also utilized 

to increase its maximum out-of-plane displacement. This step-bridge shape needs to be 

fabricated through surface micromachining technologies and sacrificial layers. Thus, it is 
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hard to utilize bulk micromachining technologies for implementing the same design for a 

few milli-Newton level of force and hundreds N/m level of stiffness. 

Table 2.2: Electrothermally actuated micro- and nano-positioning stages for out-of-plane motions 

Reference DO

F 

Motion 

range 

(µm)  

Power or a 

driving 

voltage 

Foot print (unit in 

µm) 

Features 

Tsang et al., 

2006 [66] 

1 42.9 82 mW 166 (L) x 8 (W) x 

10 (T) 

Out of plane by an erected 

actuator manually 

Sehr et al., 

2002 [46] 

1 1.7  - 1400 (L) x 3 (W) 

x 6 (T) 

Bimorph type, 20.9 kHz at 

1
st
 resonant frequency 

Yan et al., 

2004 [67]  

1 6.2  9 V 217 (L) x 10 (W) 

x 2 (T) 

Bidirectional motions, 

Three layers 

Atre 2006 

[68] 

1 8  6 V 126 (L) x 8 (W) x 

30 (T) 

Bimorph type 

Kim et al, 

2013 [76] 

1 85  - 2000 (L) x 50 

(W) x 30 (T) 

4.41 kHz at 1
st
 resonant 

frequency 

13 mN force calculated 

Chen et al., 

2003 [75] 

1 9  6 V 240 (L) x 10 (W) 

x 2 (T) 

Bimorph type with bridge 

shape, 35.8 kHz at 1
st
 

resonant frequency 

Chen et al., 

2008 [71] 

1 13  120 mW 600 (L) x 27 (W) 

x 2.2 (T) 

Single layer step shape, 

88.1 kHz at 1
st
 resonant 

frequency 

Micahel et 

al., 2008 [72] 

1 31  9 V pulse 1200 (L) x 40 

(W)  

Based on buckling, Bi-

stable mode, No notch 

Varona et al., 

2009 [73] 

1 4.3  12 V 200 (L) x 1.5 – 2 

(T)  

Multi-poly silicon layers, 

inclined motion not vertical 

nor horizontal motion 

Girbau et al., 

2007 [69] 

1 1.75  3 V - V-shaped bimorph type 

McCarthy et 

al., 2006 [74] 

1 53  50 deg. C 3000 (L) x 30 (T)  Based on buckling  
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Li and 

Uttamchanda

ni 2009 [70] 

1 32  11 V 3950 (L) and 

1800 (L) 

0-90% rise time: 17.3 ms 

 

A simple step shape is also used to generate an out-of-plane motion [76], which is 

based on SOI wafers and bulk micromachining technologies. The actuator with this step 

feature and its optimized design demonstrated out-of-plane motions near 80 μm. In 

addition to this performance, one motion platform is also attached to the actuator with a 

thermal isolation layer in order to reduce thermal effect on the motion platform. 

Various out-of-plane motion stages or actuators are surveyed based on the 

considerations, including an integration capability to existing in-plane actuators, a range 

of motion, a stiffness level, and a force level equivalent to those in the X-stage. Several 

relevant out-of-plane motion stages or actuators are summarized in Table 2.2 with some 

features: (1) given similar dimensions or sizes, out-of-plane actuators generate relatively 

lower performance than in-plane actuators, because most MEMS fabrication methods 

focus on in-plane structures. (2) Direct design or dedicated design for out-of-plane 

motions is rare. Indirect methods such as combination of in-plane actuator or limited 

2.5D structures require sophisticated conversion mechanism, which is not efficient. (3) It 

is rare to find an out-of-plane motion stage with a motion platform or different end 

effectors. It is necessary to have a motion platform in electrothermally actuated motion 

stages, because a motion platform can be used to reduce a thermal drawback from the 

actuators. Therefore, it is reasonable to design a dedicated out-of-plane stage or actuator 

and also desirable to have similar characteristics with the in-plane actuators or stages to 

merge together.  
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2.3 MEMS-based electrostatic actuators 

 

Figure 2.5: Electrostatic actuator parallel plate type [31] 

Electrostatic actuators utilize electrostatically attractive or repulsive forces among 

charged electrodes [77]. The gap between the electrodes and the size of the electrodes are 

important design parameters to characterize their maximum forces or displacement. The 

widely used electrostatic actuators are parallel plate types and comb drive types. The 

parallel plate type consists of two electrodes facing each other, as shown in Fig. 2.5, 

where the grey plate in the middle of the device faces a yellow plate for their operations.  

One advantage of parallel plate type actuators is that they can be utilized for an 

out-of-plane motion easily, when their parallel plates are parallel to the wafer plane. 

However, the implementation of the parallel plate type requires wafer bonding or 

assembly processes to place one electrode on top of the other. 
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Table 2.3: Electrostatic actuators and electrostatically actuated micro- and nano-positioning 

stages 

Reference DOF Motion 

range 

(µm) 

Force 

(µN) 

Power 

(V) 

 

Resolution Frequency 

Foot 

print 

(unit in 

mm) 

Features 

Hoen et 

al., 2003 

[77] 

2 50  150  30 - 

60  

2 nm 127 Hz 7.5 mm
2
 SKM 

Horsley et 

al., 1999 

[78] 

1 2.8  58 - 

78  

12  2 nm 1.1 kHz 

- 

450 Hz 

2 x 2.2 x 

0.05  

Parallel-plate 

type (comb) 

Kim and 

Chun, 

2001 [33] 

1 1.4  50.4  15  100 18.5 

kHz 

1x0.3x2

0μm (T) 

SOI wafers 

Comb type 

Jaecklin et 

al., 1992 

[79] 

1 7.3  0.1  14.5 - -  4.8 mm
2
 Folded spring 

2 10 x 10  - 20  50 nm - 0.5(L)x

0.8 μm 

W) x 2 

μm (T)  

 

PKM 

4 beam 

supporters a 

Motion 

platform 

Cheung et 

al., 1996 

[80] 

1 8  0.32  - Less than 

0.01 μm 

3208 Hz 0.310 x 

0.340 x 

0.0017  

Comb  

Embedded 

sensor 

Kim and 

Kim, 2002 

[22] 

2 50 x 50  11.7  √500  - 360 Hz 7x7  SCS, PKM, 2 

X and 2 Y 

actuators, 

beam 

supporters 

Jaecklin et 

al, 1993 

[81] 

2 7  0.15  15  80 nm 4.3 kHz 2.5x2.5 

(estimat

ed) 

Poly-silicon 

comb 

actuator  

Sun et al., 

2002 [82] 

2 3.7  53.2  - 10 nm 748.46 

Hz (X) 

3427.6 

Hz (Y) 

3.2x3  SOI wafers 
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Mukhopad

hyay et al, 

2008 [29] 

3 

X, 

Y, 

theta 

27 

(alone) 

18 

(combi

ned) 

188 

(from 

equat

ion) 

85  - 465 Hz - PKM 

0.57 

deg. 

(alone) 

1.72 

deg. 

(combi

ned) 

- - - - - 

Koo et al., 

[30] 

2 18  - 100  1.01 nm 500 Hz - PKM 

21  - 100  5 nm 

(closed 

loop) 

- - 

Liu et al., 

2007 [31] 

3 25 (X) - 30  17.3 nm - 4x4  PKM, Comb 

drive with a 

parallel plate 

type, Wafer 

bonding 

25 (Y) - 30 - - - 

3.5 (Z) - 14.8  - - - 

Dong and 

Ferreira, 

2009 [32] 

3 24 (X) - 180  - 2090 Hz - PKM, SOI, 

End-effector: 

cantilever 24 (Y) - 180  - - 

7 (Z) - 4.5  - - - 

V. 

Milanovic 

et al., 

2004 [83] 

2 -22 to 

22 deg. 

(X) 

- 80 - 

150  

- 11.378 

kHz 

(IHFF50

0 

model) 

0.8x0.8 Up & down 

comb, SOI 

-23 to 

16 deg. 

(Y) 

 

de Jong et 

al., 2010 

[84] 

3 

(X,

Y,θ) 

+/- 10 

(X, Y) 

+/- 2 

deg.(θ) 

- 50  - - 4x4 

(approxi

mation) 

PKM, In-

plane, 

crosstalk less 

than 20 pm, 

SOI wafers 
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Brouwer 

et al., 

2010 [85] 

6 +/- 10  - - - 3.8 kHz 540x540 

x58  

Scale up 

version, Not 

fabricated 

Dong et 

al., 2007 

[86] 

2 15 (X, 

Y) 

- 45  1 um 960 Hz 4x4 

(approxi

mation) 

SOI wafers 

Ando 

2004 [87] 

3 1.1 (X) - 97  10 nm - - SOI wafers, 

Focused Ion 

Beam (FIB) 

for slope  
0.13 

(Z) 

- 105  - 

Pang et 

al., 2009 

[88] 

2 20  - 55  - 440 Hz 10 x 10  

Platform

: 6x6 

Four 

actuators at 

four corners 

Sun et al., 

2008 [13] 

2 +/- 10  - 28.5 +/- 0.1 

μm 

983 Hz 9.4 x 9.4  DRIE 

process 

Anodic 

bonding 

Laszczyk 

et al., 

2010 [9] 

2 +/- 28 

(X) 

- 100  26 nm 290 Hz 10 x 10 

x 430 

μm 

SOI wafers, 

DRIE, SKM, 

Insulation 

gap 
+/- 37 

(Y) 

- 550 Hz - 

Swinkels 

2012 [89] 

3 +/- 75 

(X, Y) 

+/- 15 

deg.  

- - 22 nm 

10 m deg. 

266 Hz 5 x 5 

(approx.

) 

PKM, SOI 

wafers, DRIE 

Kim et al., 

2006 [89] 

1 5.22 

deg. at 

initial 

cond. 

19.2 

deg. 

- 53  - 2953 Hz 1 x 1  

16 μm x 

750 μm 

Rotational 

motion, 

plastic 

deformation 
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3.75 

deg. at 

first 

24.8 

deg. 

- 65  - 2499 Hz 0.8 x 1.5  

16 μm 

(W) x 

800 μm 

(L) :tors

ional 

spring 

Han et al., 

2011[90] 

1 3.4 

(FEA) 

- 53  - - 800 μm 

x 800 

μm 

a lever, out-

of-plane 

motion, 

parallel-plate, 

capacitor not 

actuator 

Takahashi 

et al., 

2009 [91] 

3 +/- 12 

(X) 

- 80  - 0.8 kHz 3 x 3 

(approx.

) 

SOI wafers, 

DRIE, SKM 

+5 ~ -8 

(Y) 

- 145  - 3.3 kHz - 

0.5 (Z) - 32  - 1.8 kHz - 

Kwon et 

al., 2006 

[92] 

2 55  - 79  - 280 Hz  

 

2 x 2  Spider legs, 

PKM 

Lie et al, 

2007 [93] 

1 +/- 

2.55  

98 

μN 

- 0.15 nm - 2 x 4  A lever  

Chiou et 

al., 2008 

[94] 

1 - - - - - - Cascaded 

type 

Su et al., 

2005 [95] 

1 - - - - 129.9 

kHz 

130.078 

kHz 

- SOI, A lever 

Ren et al., 

2011 [96] 

1 1.45  - 47  - - 503 μm 

x 503 

μm 

A lever, Out-

of-plane, 

PolyMUMPs 

process 
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The other commonly used design is the comb drive type, which is composed of 

inter-digitated fingers as shown in Fig. 2.6. This inter-digitated finger shape is an 

economical method to increase its electrode area efficiently with a given space. This type 

is also good at reducing the change of force during its operation. The performances of 

some interesting electrostatic actuators or stages are listed in Table 2.3. The electrostatic 

actuators have some noticeable features; the driving voltages vary from 12 V to 150 V, 

which is relative highly than other actuator. This high voltage has a possibility to attract 

dusts around the actuator during operation, which can cause serious problems when the 

dusts can build any electric connection between electrodes. Other than this, the 

electrostatic actuators show good frequency response at high frequency and low energy 

consumption, and a long range of motion. 

Several interesting features about the electrostatic actuator can be drawn from 

Table 2.3; (1) the electrostatic actuators have been used in 2 DOFs or 3 DOFs motion 

stages more often than any other actuators. (2) Their frequency responses provide 10 to 

100 times wider bandwidth than electrothermal actuators. (3) Compared to electrothermal 

actuator, driving voltages of the electrostatic actuator are relatively high. (4) A larger 

footprint is expected to generate larger displacement when electrode area depends on the 

footprint directly. (5) The average force generated by electrostatic actuators is tens of 

micro-Newton level, which is almost 100 times smaller than electrothermal actuators. (6) 

The resolution of the motion from the electrostatic actuator is a few nanometers to sub-

nanometer, which is similar to that of the electrothermal actuator.  
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Figure 2.6: Electrostatic comb drive type [33] 

 As described above, the electrostatic actuators have various advantages over 

electrothermal actuator in frequency response and easy electric connection. In a clean 

environment or well shield packaging, the high voltage for the electrostatic actuator is not 

an issue. However, in micro-manipulation, it is hard to maintain a clean environment for 

the target material and the probe. In addition to this, the electrostatic force from the high 

driving voltage can generate repulsive force to the target depending on the target polarity, 

which results in poor interaction in the micro-manipulation. 

The electrostatic actuator produces tens of micro-Newton level force which is far less 

than that from electrothermal actuators. Additionally, high driving voltages are 

tremendously higher than generally used in IC-industries. This high driving voltage not 

only reduces the compatibility with other electronics but also attracts dust which requires 

additional shield or packaging during its operation. The weaknesses of the electrothermal 

actuator are a short bandwidth and a poor frequency response. This is because heating 

and cooling mechanisms of the electrothermal actuator takes relatively longer time than 

other actuators which results in a poor response at high frequency. 
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2.4 MEMS-based electromagnetic actuators 

 

(a) 

 

(b) 

Figure 2.7: An electromagnetic actuator [97]; (a) micro coil; (b) a full view 

The electromagnetic actuator controls its mechanical motion by Lorentz force [98]; when 

an electric current flow through the coil, the electric field formed by the current generates 

an electromagnetic force by interacting with the external magnetic field. This actuator has 

been built through conventional machining tools well and used in various applications 

such as Sony PlayStation to read the DVDs at accurate positions or high quality camera 

for fast focusing so far. However, when it comes into MEMS fabrication technologies, 

the coils and a magnetic field should be miniaturized. A micro-coil can be implemented 

by a deposition of a spiral shaped wires as shown in Fig. 2.7(a). This micro-coil interacts 
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with the magnetic field from a permanent magnet as shown in Fig. 2.7(b). With this set-

up, the moving platform where the magnet is attached can move up and down along the Z 

axis by controlling the current flowing through the micro-coil. The force from the 

electromagnetic actuator is proportional to the strength of the magnetic field. However, 

the implementation of a magnetic field in MEMS is still challenging; deposition of 

Permalloy or permanent magnet in MEMS is limited and thus generates relatively small 

amount of force. In many cases, for the magnetic field an external permanent magnet [83 

– 85] or electroplating [100] and a magnetization of Permalloy (Ni-Fe-Mo) [101] have 

been utilized. The permanent magnet is easy to manufacture and capable of generating 

longer range of motion, but it is difficult to manufacture a micro-meter level size and the 

manual assembly of this magnet into a MEMS device can have an alignment issue. The 

Permalloy shows a good compatibility with MEMS foundries and provides accurate 

alignment with existing MEMS devices, but it is difficult to generate a magnetic field 

similar to those from permanent magnets.  

 Several interesting electromagnetic actuators are summarized and listed in Table 

2.4. Some noticeable features are; (1) electromagnetic actuators demonstrate their first 

resonant frequency near a few kHz, which is similar to electrostatic actuators. (2) The 

input voltages for the electromagnetic actuator are a few voltage levels. This is similar to 

electrothermal actuators and far less than electrostatic actuators. (3) Due to the volume of 

a permanent magnet, general footprints listed in Table 2.4 are similar to or a little larger 

than those from electrostatic actuators. When some properties in the actuators depend on 

its volume or area, it tends to have bigger footprints. (4) Due to the relative position of a 
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coil and a magnetic field, this actuator is more favorable at implementing out-of-plane 

motion rather than in-plane motion in MEMS. 

Table 2.4: Electromagnetic actuators and related micro- and nano-positioning stages 

Reference DOF Motion range 

(µm) 

Foot print (units 

in mm) 

Features 

Wagner and 

Benecke 1991 [98] 

1 50 - 90  9 x 9  Permanent magnet on the 

movable platform 

Kim et al., 2005 [99] 1 30  22 x 7 x 2.3  150 mA, Chip-bonding 

with permanent magnet 

Choi et al., 2012 

[97] 

1 +/- 2.7  0.5 x 0.5 x 1 Out of plane motion, 

Maximum force of 7.5 mN 

Lee et al., 2008 

[102] 

1 110 by 0.6 A 

(2.7 W) 

26 x 19 x 4.5  Maximum force of 420 

μN, Electroplating 

Kim et al., 2005 [35] 1 300 by 8 V 15.5 x 5.22 x 0.5 

mm 

For 2 fingers  micro-

gripper, 18 mN force by 8 

V 

Ji et al., 2004 [23] 1 13.4 deg. by 

28500 A/m 

60 x 40 x 14.5  Designed for optical 

switching applications 

Miyajima et al., 

2003 [10] 

1 2.1 – 16 deg. 4.2 x 3  0.001 Nm torque 

Cho et al., 2004 

[103] 

1 10 by 53 mA 0.5 x 0.7 x  1 μm 2.4 N/m stiffness, 1
st
 

resonant frequency  of 4.5 

kHz 

Culpepper and 

Chen, 2004 [101] 

2 210  68x10
-3 

mm
2
 1

st
 resonant frequency of 

50 Hz 

Lagorce et al., 1999 

[104] 

1 15 - 25 by 150 

mA 

- A polymer magnet on a 

cantilever, 1
st
 resonant 

frequency of 42 Hz 

  

 As described above, the electromagnetic actuators have their own characteristics 

to make them distinguished from other MEMS actuators; especially out-of-plane motion 

can be built easier than other actuators. However, it is almost impossible to shield one 
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actuator clearly from other magnetic fields, so two or more magnetic fields cannot be 

engaged into the same actuator. This can be indirectly shown by Table 2.4, where it is 

rare to find electromagnetically actuated motion stages capable of generating 3 DOF or 

more. Another drawback is that this field can be an error source to other actuators 

working together.  

2.5 Piezoelectric actuators 

 

Figure 2.8: Piezoelectric poisoning stage [105] 

A piezoelectric material has an electric property that an electric charge accumulates in 

solid materials such as zinc oxide (ZnO) or Quartz (SiO2) when physical stress is applied 

to the material. This principle also works in the opposite direction; when an electric 

potential difference is applied to the material, this also can result in a strain change. This 

piezoelectric actuator has been used often in precision motion stages for its large force 

generate and precision motion. One example is shown in Fig. 2.8 where two piezoelectric 

actuators are installed into monolithic motion stage through a serial kinematic mechanism 
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(SKM) for 2 DOFs motion. Due to its large force and stiffness level, the small motion of 

the actuator can be converted into a large stroke through a mechanical lever.  

Table 2.5 lists some characteristics of commercially available piezoelectric 

positioning stages and MEMS-based stages. From Table 2.5, several interesting features 

can be extracted; (1) typical piezoelectric positioning stages have 3 to 4 cm cubic volume 

and generates 100 um ± 15 % range of motion along X, Y, and Z axes. (2) Typical 

piezoelectric stages are well commercialized in positioning stage application for micro- 

and nano-positioning for its simple structure and fine motion. However, in MEMS 

fabrication technologies, its implementation is limited to specific materials and desirable 

to generate out-of-plane translational or rotational motion rather than in-plane motions. 

Table 2.5: Piezoelectric actuators and related micro- and nano-positioning stages 

Reference DOF Range of motion  Resolution Foot print 

Physik Instrumente P-

611.3 NanoCube XYZ 

Piezo Stage[2] 

3 120 μm x 120 μm 

x 120 μm 

0.2 nm 44 mm x 44 mm x 44 mm 

P-363 PicoCube XY(Z) 

[106] 

3 5 μm x 5 μm x 5 

μm 

0.05 nm 30 mm (W) x 30 mm (D) x 

40 mm (H) 

nPoint nPX100 [107] 1 100 μm 0.3 nm 40 mm (W) x 40 mm (D) x 

15 mm (H) 

nPoint nPCube [108] 3 100 μm x 100 μm 

x 100 μm 

3 nm 40 mm (W) x 40 mm (D) x 

43 mm (H) 

Queensgate NPS-XYZ-

100A/15H [109] 

3 120 μm x 120 μm 

x 16 μm 

- - 

Mad city lab Nano-

LPQ [110] 

3 75 μm x 75 μm x 

50 μm 

0.2 nm x 

0.2 nm x 

0.1 nm 

7.5 inch x 6 inch x 0.8 

inch 

Kah et al., 2012 [111] 1, 2 9 deg. by 1 Vpp - 4.3 mm x 5.3 mm 

Maeda et al., 2004 

[112] 

1 - - - 
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2.6 Characterization of the MEMS motion stage 

Based on the advantages and drawbacks surveyed in different actuation mechanisms, 

some meaningful characteristics are selected for the design process of MEMS-based 

motion stages. These characteristics will be used as references to design the MEMS-

based motion stages in this dissertation and compare them with other existing motion 

stages. 

Basic characteristic of the motion stage are accuracy and precision of its motion. 

Accuracy is a degree of closeness of the motion compared with a desired result and 

precision is related to repeatability. One main application of motion stages is a field of 

metrology, including Transmission Electron Microscopy (TEM) or Atomic Force 

Microscopy (AFM). These microscopies consist of a sensing hardware and motion stages. 

In many cases, a sensing hardware measures only one fixed position. In order to scan a 

whole object, a motion stage moves an object to appropriate position in front of a sensing 

hardware. In this case, accurate and precise positioning of an object plays an important 

role in its scanned measurements.  

In addition to these basic properties, there are a few more properties to evaluate a 

motion stage; the range of motion, resolution, DOFs and coupled motion error. The range 

of motion is the distance that the motion stage can generate repeatedly along a designated 

direction. This maximum range of motion can be a maximum workspace in a gripping 

system. At a gripping system, this property can change a whole control strategy, because 

a larger workspace can provide versatile operations than a smaller workspace. Contrary 

to a maximum range of motion, a minimum repeatable motion determines the resolution 
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of the motion stage. The resolution is the smallest motion the motion stage can produce 

repeatedly, which restricts a minimum size of a target object and a minimum motion step.  

In a small form-factor nano-positioner, compliant mechanisms have been widely 

used as a mechanical guide for nano-meter level resolution. The compliant mechanisms 

transfer the force or displacement from an actuator to the motion platform through elastic 

body deformation. When the compliant mechanisms are monolithic or single piece, it is 

possible to avoid motion errors, especially backlash or friction from jointed mechanisms. 

The backlash is a clearance between mating components in order to avoid a jamming, 

however it can reduce motion accuracy.  

Coupled motion error is a motion along unexpected directions when a motion 

stage is in its operations. When single DOF motion stages are not fully isolated from the 

others, coupled motion error can be shown up. No coupled motion error implies that each 

actuator is perfectly isolated from the others. The advantage of no coupled motion error is 

that a straightforward control is possible to access multi-DOF motions and actuators can 

work with their full range of motions without any interference. Contrary to this, when 

single DOF motion stage is mechanically linked to another to a certain degree, coupled 

motion error becomes severe. In this case, a desired motion can be obtained by solving a 

nonlinear relationship between inputs and required output motions.  

2.6.1 Range of motion 

One basic operation in a MEMS-based motion stage is to move an object, so the 

maximum allowable motion by a motion stage is an important feature to build an 

operational plan. In many cases, longer range of motion is desirable for a larger 
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workspace and can provide more flexible control strategy than shorter ones. This 

characteristic can be achieved in design processes, but it also depends on actuating 

mechanisms; electrostatic actuators are reported to produce their displacements ranging 

from 0.5 µm to more than 100 µm. The comb drive is a widely used electrostatic actuator 

and composed of multiple inter-digitated fingers. When these actuators are also combined 

with mechanical amplifiers, strokes larger than 200 µm are also reported [113,114]. 

However, when one electrode is too close to the other electrode, it can be stuck to the 

other (called a pull-in effect), which can reduce a total stroke down to 50 %.  

Electromagnetic actuators have a good mechanism to generate large stroke out-of-

plane motion with more powerful permanent magnets and electric field and have been 

commonly used in milli-meter level applications, including a laser control in Sony 

PlayStation 3. However, MEMS fabrication technologies are limited for strong 

permanent magnet or magnetic field. Permalloy is commonly used in MEMS, but cannot 

provide enough force for a large stroke. Alternative is to utilize conventional permanent 

magnets, but that causes additional problems, such as alignment issue, compatibility with 

MEMS processes, and volume scale differences. Considering these issues, it would be 

desirable to utilize electromagnetic actuator based on conventional permanent magnets 

for applications requiring a large stroke, but not high accuracy. 

The electrothermal actuators are not favorable for a large stroke. This actuator is 

based on the thermal expansion of silicon, whose coefficient of thermal expansion 

(C.T.E.) is 2.4x10
-6

. This value is too small to produce enough range of motions. Due to 

this reason, typical electrothermal actuators demonstrated displacements of 10 µm to 20 

µm. However, electrothermal actuators are famous for their large force generation up to a 
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few mN levels. A short range motion can be compensated with additional mechanical 

amplifiers and their mN level of force for a large stroke. Although lever mechanisms 

increase a total stiffness and reduce an output displacement, a few milli-Newton level of 

force from electrothermal actuators can overcome this obstacle and generate desirable 

performances. The mechanical amplifier with an appropriate balance between a force and 

a stroke can be a good candidate for a large stroke. 

Piezoelectric actuators have reported their products with various displacements 

from a few µm to 200 mm [96, 97] and many commercial products are still available. 

Piezoelectric actuators are relatively stiff and generate a large force. The only limitation 

of piezoelectric actuators is their fabrication processes to build piezoelectric materials, 

which is out of standard SOI-MUMPs processes.  

2.6.2 Force 

A maximum force from an actuator depends on mainly their actuating mechanism and 

design optimization, as listed in Table 2.1, Table 2.2, and Table 2.3. Piezoelectric 

actuators show that they can generate up to 100 N, which is 1000 times larger than other 

actuators and is a main reason for many commercial piezoelectric motion stages. 

Electrothermal actuators are also reported to produce on the order of 10 milli-Newton 

level of force. This value is larger than electromagnetic and electrostatic actuators, and 

equal to or less than piezoelectric actuators, because electrothermal actuator is based on 

pure thermal expansion of solid materials.  

Electromagnetic actuators and electrostatic actuators are non-contact type forces, 

which do not have any physical connections between their main components; no 
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mechanical links between electrodes or between the magnetic field and the micro-coils. 

In these cases, it is not hard to connect actuators from its electric source and isolate one 

actuator from the other electrically. In MEMS, it is hard to build 3D electric connections 

such as jumping over other structures, so it is necessary to consider the electric path to 

each actuator and the electric isolation among the actuators in an early design stage. 

However, non-contact type actuators can reduce a stiffness of an actuator, resulting in a 

reduction in its force down to tens of micro-Newton level of force.  

A simple way to increase a force is to make an actuator bigger or increase its 

footprint. However, this approach can make a whole system bulky expecting a loss of 

advantages of small foot print. Due to this reason, designing of a motion stage is based on 

design constraints like a limited footprint. In this dissertation, 10 mm x 10 mm is allowed 

and appropriate selection of an actuating mechanism and its optimization will be 

followed. 

2.6.3 Mechanical amplifier 

A mechanical amplifier is a mechanism to adjust a force and a displacement from an 

actuator. When an actuator is capable of producing desirable motion or forces, a direct 

connection will be enough in MEMS stages [25, 37, 39]. However, if it is difficult to 

meet, a mechanical amplifier can be regarded as an alternative. Displacement amplifiers 

are commonly used with electrothermal actuators or piezoelectric actuators, which can 

generate a large force. Some degree of a force will be converted into an additional 

displacement. Three widely used mechanical amplifiers are surveyed in this dissertation; 

a cascaded layout, mechanical levers, compliant mechanism or an inchworm. 
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Park et al. 2000 [50] reported a rotary actuator based on a cascaded layout, where 

two or more electrothermal actuators are used in a series for a large stroke [36, 38, 52]. 

With the cascaded layout, a final displacement is reported up to 33.4 µm. This cascaded 

layout approach is relatively simple, because existing design can be utilized without 

considerable modification. However, it still requires a large footprint for the cascaded 

layout. The bent-beam type electrothermal actuator and the interdigitated finger type 

comb drive are good candidates for this cascaded layout.  

 

Figure 2.9: The inchworm type electrothermal actuator [58] 

Another candidate for a large stroke is an inchworm [33, 36, 45], which is shown 

in Fig. 2.9, where multiple actuators are cooperated to move an object like conventional 

manufacturing factory. In Fig. 2.9, while two left actuators hold a shank in its position, 

two right actuators move back without touching a shaft and then hold it again. The two 

left actuators then release a shank and then the two right actuators move forward to 

actuate a shank toward a desired position. Since this system is composed of four 

independent actuators isolated from a target to move, this inchworm is able to generate 

relatively long range of motion up to hundreds µm [58]. However, a dedicated control for 
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four actuators is required and multiple DOF motions are hard to implement. Moreover, 

physic gaps among the actuators and a shank can be a source of motion errors. 

 

Figure 2.10: The lever between an actuator and a motion platform [44] 

Most commonly used displacement amplifier is a leverage [18, 29]. A lever is 

composed of one long beam and one pivot. When one end of a beam is actuated by an 

actuator, the other end generates an amplified motion due to a pivot and a lever ratio. 

This lever design is simple to build on a monolithic layer, which is analyzed and 

described well in previous literatures [115]. One implementation of a lever in MEMS is 

shown in Fig. 2.9, where a pivot and two ends are on the same line for an efficient 

operation and each end has a flexure that is the same with the pivot. The lever is desirable 

to cooperate with MEMS actuator generating large force, because a lever itself increases 

a total stiffness of an external mechanical load and small force does not operate 

efficiently with a lever.  
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Figure 2.11: A compliant displacement amplifier [43] 

The main limitation of a lever is that both ends of a lever experience rotational 

motions, not linear motions. In this case, a rotary actuator is supposed to work better than 

linear actuators. Since electrothermal actuators generate linear motions and a conversion 

into a rotational motion consumes additional energy and can generate motion error. In 

addition to these drawbacks, most strains occur near pivots and two ends, so the design of 

a pivot and two ends of a lever are critical for its lifetime.  

The other displacement amplifier is a compliant mechanism called a micro-

transmission, which is based on an amplifying topology [43,54]. One implementation is 

shown in Fig. 2.11. This micro-transmission is similar with a lever, but it consists of three 

long slender beams. With appropriate design, a micro-transmission is able to amplify up 

to 3.7 times. Its advantage is reasonable reliability during fabrication and its operations. 

This design is stable than a lever using the pivot, because stress will distribute over 

beams well and thus endure larger stress than a lever, instead of concentration on a pivot 

of a lever during its operation. Its drawbacks are hard to analysis this micro-transmission 

design and needs relatively larger footprint than the lever.  
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2.6.4 Degrees of freedom (DOFs) and coupling errors 

Multi-DOFs motion stages are able to generate multiple DOFs motions for applications. 

Contrary to conventional manufacturing, there are a few constraints to consider in design 

of multi-DOF motion stages in MEMS; (1) reliable electric connection to an actuator in a 

motion stage and electrical isolation from the other actuators; each electric path should be 

connected to a designated actuator without affecting other actuators to reduce coupled 

motion error. (2) Appropriate integration strategy to minimize mechanical coupled 

motion error among engaged actuators; with limited fabrication capabilities in MEMS, 

each engaged motion stage or actuator should be physically isolated from the others 

during its merging process. (3) Providing a reliable mechanical link from a motion 

platform to a base. When multiple actuators or motion stages are engaged, some 

components will be float in the MEMS stage. In this case, the mechanical links from the 

motion platform to a base plays an important role in merging individual actuator or stage 

successfully.  

Most MEMS-based actuators or motion stages are designed to produce single 

DOF motion. When 2 or more DOFs motions are needed, it is necessary to merge 

multiple actuators into a single system. With limited fabrication techniques in MEMS, it 

would be reasonable to reuse existing single DOF motion stage or actuator, rather than 

developing a whole new design. In this integration process, each actuator should be 

organized well with the others to avoid any electric or mechanical interference. However, 

it is not always easy to integrate all individual actuator or motion stage successfully in 

MEMS. Imperfect integration indicates that there are mechanical or electrical 

connections or relationships among merged systems, resulting in an increment of coupled 
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motion error and a reduction of its maximum displacement. Coupled motion error is an 

unwanted motion from unexpected actuators, when the desired actuator is in its operation. 

When one actuator is stand-alone, there is no coupled motion error at all. But, when this 

actuator is mechanical linked to another for multi-DOFs motion stages, this mechanical 

link can cause undesirable effect on the engaged actuators. This mechanical link also can 

cause additional stiffness to the actuator, resulting in the reduction of its displacement.  

 

(a) 

 

(b) 

Figure 2.12: A parallel kinematic XY stage: (a) a schematic diagram [70]; (b) the mechanical 

linkage in stationary mode (left) and in operation (right) [32] 
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For multi-DOFs motion stages, parallel kinematic mechanisms (PKM) and serial 

kinematic mechanisms (SKM) have been commonly used. In a PKM [14, 15, 20, 21], a 

motion platform is connected to a base through multiple independent parallel kinematic 

chains as shown in Fig. 2.12(a). The motion platform can be controlled by multiple 

actuators at the same time, so any motion error caused by one actuator can be 

compensated by other actuators. This approach can also reduce its coupled motion error.  

For an implementation of a PKM, parallel kinematic chain and leaf springs [30,32] 

are utilized between a base and its end-effector, which are shown in Fig. 2.12(b). The 

parallel kinematic chain is used to reduce any rotational motion error between two 

actuators. The leaf spring is used in the middle of the parallel chain to allow desired 

motions and reduce coupled motion error from another actuator. This leaf spring avoids a 

fully constrained condition, but this also reduces a stiffness of an actuator and consumes 

additional portions of displacement, resulting in a reduction of a maximum displacement. 

 

Figure 2.13: An implementation of a parallel kinematic XY stage [116] 
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One important advantage of PKM is its good compatibility with MEMS for in-

plane motions such as in-plane 2 DOFs motion [30,86] or in-plane 3 DOFs motion [29]. 

Contrary to these advantages, PKM has also a few disadvantages for MEMS-based 

motion stages; (1) all actuators are tightly coupled with each other, which is additional 

stiffness to the actuators. In this case, a final workspace is the intersection of a workspace 

of actuators engaged. (2) PKM requires non-linear mathematical models to obtain the 

relationship between its outputs and inputs. The calculation of this relationship also takes 

considerable time to calculate its inputs for a desirable output. (3) The limitation from 

MEMS fabrication methods for out-of-plane structure or motions prevents PKM from 3 

DOFs or higher DOFs motions [30]. The expected PKM design will be the mechanism 

shown in Fig. 2.13, where a same parallel chain is implemented along an out-of-plane 

direction. This complex out-of-plane structure is challenging to implement in MEMS and 

the integration of out-of-plane motions with in-plane motions in MEMS motion stages is 

even worse.  

As an alternative of PKM, serial kinematic mechanisms (SKM) have been 

adapted in multi-DOF motion stages, where a motion platform is linked to a base through 

only one series of linkages including actuators, like a robotic arm. Each component in 

SKM is linked to adjacent components only. The optical lens scanner system adapts a 

SKM for its XY stage for decoupled 2 DOF motions [44]. Each actuator is in charge of 

one designated directional motion and the final displacement of the motion platform is 

the summation of all output from each actuator. When each actuator is well linked to the 

others, there is no coupled motion error or performance drop. Additionally, the control 
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scheme is straightforward, since each actuator is assigned to the motion along the 

designated direction.  

 

Figure 2.14: A schematic diagram of a serial kinematic XY stage [117] 

However, this SKM has a few problems in MEMS. First, the components in the 

middle of the system are supposed to be free or float to move. In this case, reliable 

electric connections to floating components are necessary. Second, conventional motion 

stages based on SKM have been implemented by stacking one stage onto another or 

nesting one stage into another, as shown in Fig. 2.14. This wiring is too stiff to ignore in 

MEMS and its wiring process is also difficult to implement in floating components 

without damaging them. Third, an assembly process of a stacked structure can cause an 

alignment error between engaged motion stages in MEMS, which can causes a few 

micro-meter level errors in MEMS. These constraints require a new approach to 

overcome all the issues described above in MEMS. 

Many commercial motion stages are based on SKM for 2 or 3 DOFs motions, 

especially stacked structures; NanoCube [2,106] or 2 DOF nano-positioner [105] are 

capable of generating 3 DOFs or 2 DOFs motions by staking single DOF motion stage 
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onto another. Piezoelectric actuators are widely used in these high-precision motion 

stages for their precision motion and large stiffness. The nesting structure is to embed one 

motion stage into the other as a sub-component. In this case, a motion stage to insert 

tends to be smaller than another for successful integration, which can result in different 

frequency response and dynamic properties along different directions. However, for the 

motion of more than 4 DOFs, PKM is commonly used and Stewart platform [118] is 

famous for its 6 DOF motions. In conventional manufacturing technologies, these stacked, 

nested structure, and PKM are not hard to implement, but all of them are still challenging 

in MEMS-based micromachining technologies.  

When multiple actuators are engaged in multiple DOFs motion, coupled motion 

error is expected, which should be reduced to an acceptable level. These coupled motion 

errors can be compensated through kinematic mathematical models, but it is also 

worthwhile to design a motion stage having less coupled motion error. In order to find an 

appropriate integration approach, five different 2 DOF motion stages have been surveyed 

and listed in Table 2.6. One simple and straightforward method is to connect two 

actuators directly to each other, which is based on PKM. By controlling each actuator 

separately, a 2 DOF motion can be expected for a gripping application  [34]. However, 

this asymmetric connection between two actuators can cause severe coupled motion error; 

an actuator attached to another reduces a maximum displacement and distorts a motion 

direction of another. Therefore, a smaller range of motion and large coupled motion error 

is expected. In order to reduce its coupled motion error, an actuator has longer shaft beam 

to reduce its stiffness along the direction perpendicular to another actuator, which lower a 

whole stiffness and also cause poor frequency response. 
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Table 2.6: Multi-DOFs MEMS-based positioning stages 

Reference Range of motion Actuator 
Kinematic 

Mechanism 

Coupled motion 

error 

Duc et al. 2008 

[34] 
17 μm x 11 μm 

Polymeric 

thermal 

Parallel/ Direct 

connection 
- 

Kim et al. 2002 

[22] 
30 μm x 30 μm Electrostatic Parallel 

Less than 1 μm 

for 30 μm 

Dong and 

Ferreira 2009 

[32] 

24 μm x 24 μm Electrostatic 

Parallel with 

leaf springs and 

parallel chain 

- 

Gorman et al. 

2006 [119] 
5 μm x 5 μm 

Electrothermal 

bent-beam 
Parallel 

1 μm for 5 μm 

(from FEA) 

Takahashi et 

al. 2005 [11] 
30 μm x 30 μm Electrostatic Parallel - 

 

In order to minimize coupled motion error, one MEMS-based 2 DOF motion 

stage [22,32] places four equivalent electrostatic actuators at their four corners 

symmetrically. In this case, their motion platforms are located in the middle of four 

actuators. All four actuators are directly connected to a motion platform through long 

slender beams. These long slender beams are supposed to be firm along a longitudinal 

direction to deliver a desired motion and be flexible along transversal directions to reduce 

coupled motion error. This motion stage is able to produce larger 2 DOF motion with less 

coupled motion than the previous case, since their mechanical links are symmetrically 

linked. However, long slender beams tend to reduce total stiffness of a motion stage and 

are vulnerable at external force. Moreover, their motion platforms are fully surrounded by 

four actuators, so it is difficult to utilize these motion platforms for other applications, 

because applications, such as grippers or manipulators, need to place an object closer to a 

motion platform and this is almost impossible in these 2 DOF motion stages.  
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2.6.5 Kinematic mechanisms 

Many nano-positioners have been designed for single DOF motion. When multi-DOF 

motions are needed, dedicated nano-positioners or a combination of single DOF nano-

positioners have been suggested. The integrated nano-positioner in a small form-factor is 

challenging to develop with additive manufacturing or MEMS technologies, so a 

combination of single DOF nano-positioner has been commonly used for its simple 

implementation and reusing previous single DOF nano-positioners. However, when 

single DOF nano-positioners are not efficiently combined together, whole performance 

can be reduced and coupled motion error also increases. To overcome this, two kinematic 

mechanisms are commonly adapted; parallel kinematic mechanism (PKM) and serial 

kinematic mechanism (SKM). In the PKM, the motion platform is controlled by multiple 

actuators at a same time. PKM has an advantage to compensate a motion error in one 

direction by adjusting other actuators engaged. For accurate motions, dedicate 

mathematical analysis between inputs and output is necessary. Moreover, multiple 

connections to actuators can reduce its workspace down to an intersection of all engaged 

actuators. Contrary to PKM, the motion platform is at end of a serial chain in SKM like a 

robotic arm. The advantage of SKM is simple control, because there is only one 

mechanical link from a base to the motion platform. Each actuator or a single DOF 

motion stage is fully in charge of the motion along the designated direction. If there is a 

motion error in SKM, it is difficult to reduce its error due to the lack of the compensation 

mechanism in SKM. 

There is a 2 DOF motion stage based on SKM [104], where one motion stage is 

partially embedded onto another motion stage. It is difficult to embed one motion stage 
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into another on a single layer, because the embedded stage also requires various features 

such as a base, electric connection or anchors for the electrothermal actuator. Due to 

these constraints, the motion stage except its actuator is embedded onto the other. This 

imperfect integration results in the reduction of its maximum motion to 5 µm, which is 

less than 30 % of its original motion. Additionally, the coupled motion error is estimated 

up to 20 % from finite element analysis (FEA). Based on this observation, additional 

features required for SKM are key factors to guarantee its original motion range and 

reduce any unexpected coupled motion error.  

2.6.6 Resolution 

Based on the performances listed in Table 2.1 to Table 2.5, most MEMS stages based on 

micro-actuators and compliant mechanisms provides nano-meter level resolutions; 

piezoelectric stages report motions with the resolution ranging from 0.3 nm to 100 nm. 

Electrostatically actuated stages have resolutions from 1.5 nm to 1 µm. This is because 

the monolithic compliant mechanism used in MEMS stages having no mechanical joint 

or pivots resulting in backlash or friction to convert or deliver the force or displacement 

from actuators to a motion platform. A MEMS based actuator, including electrothermal, 

electrostatic actuators, are capable of producing micro-meter or nano-meter level 

resolution from its design scale in previous research.  

Kinematic converters or mechanical amplifiers described in section 2.5.3 can alter 

a resolution of a motion stage. Sebastien et al 2005 designed a thermally actuated 1-DOF 

nano-positioner [44] with the resolution less than 17 nm. This device adapts the lever for 

a displacement amplifier with 1:10 ratio indicating that an actuator used in this presented 

positioner is able to produce the resolution less than 1.7 nm. This electrothermal actuator 
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is reported to generate a motion less than sub nanometer level as well [118]. Although a 

minimum resolution available in a motion stage depends on the micro-transmission or 

converters, the motion stage in this dissertation will be designed for nanometer level 

resolution based on compliant mechanisms and mechanical amplifiers. 

2.6.7 Natural frequency at low frequency range 

The frequency response is a useful criterion to find available operating speed of the 

motion stages and its future applications. Since frequency response has not been carefully 

discussed in previous research, first resonant frequency is compared with in this 

dissertation. If a motion stage has a first resonant frequency around 1 kHz, it would be 

desirable to operate a motion stage with less than 500 Hz to avoid any unexpected 

response based on its frequency response. Any operation near its resonant frequency has 

a possibility to give some damage to a motion stage or cause unexpected mechanical 

behaviors. A motion stage with first resonant frequency of 100 kHz can be utilized in 

high-speed applications such as optical switches for communication, Atomic Force 

Microscope (AFM) application or high speed motions, which runs on a few kHz range.  

First resonant frequency depends on the mass and the stiffness of a motion stage, 

but an actuator itself is also important; many electrostatic actuators have natural 

frequencies on the order of a few kHz range [18,33,87,103,120]. First resonant 

frequencies in piezoelectric actuator or stages are several hundred Hz or higher due to 

their high stiffness [36,111,112]. Contrary to these, electrothermal actuators have low 

frequency ranges less than several hundred Hz level, due to the fact that heating and 

cooling of beams in an actuator takes longer time than other actuation mechanisms 

[50,76,117]. Due to tis low frequency response and large force, electrothermal actuators 
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have been widely used in micro-manipulation or gripping applications. Although wider 

frequency response is more desirable than shorter, this frequency response property can 

be selected depending on the application to apply for.  

2.6.8 Bulk micromachining: Silicon-on-insulator Multi-User Multi-Processes (SOI-

MUMPs) 

MEMS fabrication process can be categorized into two fields based on its design 

approaches; surface micromachining and bulk micromachining technologies. Surface 

micromachining technologies are based on a combination of deposition and elimination 

of thin layers and sacrificial layers. With the multiple depositions and sacrificial layers, 

floating mirrors or movable diaphragm can be built and released for their operations. 

Contrary to surface micromachining technologies, bulk micromachining technologies are 

appropriate solutions for thick structures and generally consist of a few etching 

deposition processes. In bulk micromachining technologies, high-aspect-ratio structures 

or structures a hundred micro-meter tall are available with Bosch Deep Reactive Ion 

Etching (DRIE) [21]. For MEMS-based motion stages for micro-meter level objects, 

enough stiffness and force, and micro-meter scale volumes are necessary to interact with 

them. Due to these reasons, the motion stage presented in this dissertation is based on 

bulk micromachining. Additionally, these bulk micromachining technologies are able to 

demonstrate similar kinematic properties to the motion stages which are commercially 

available and built through conventional precision micromachining. Due to these facts, 

many MEMS-based motion stages have been built through bulk micromachining 

technologies [13,27,81,121]. 
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Silicon-on-insulator Multi-User Multi-Processes (SOIMUMPs) [39] are a widely 

used standard fabrication process for bulk micromachining process. This process is 

composed of metal deposition and deep etchings.  The metal deposition is done through a 

lift-off process or a shadow mask with electron beam evaporation. The etching process is 

based on Bosch Deep Reactive Ion Etching (DRIE) [21]. This DRIE can etch silicon with 

etch rate of 1 µm/min and provide good high-aspect-ratio walls. KOH or TAMH are also 

widely used too, but they are limited to the orientation of a crystal lattice of silicon. This 

DRIE is famous for its capability to form deep trenches without considering this crystal 

orientation of silicon. In DRIE, 10 % variation of etching rate is acceptable and the 

distribution of targets and the ratio of the etched area over the wafer are important factors 

to decide its etching rate and its uniformity over a wafer.  

 

Figure 2.15: Cross sectional view of a structure with a SOI-MUMPs (not to true scale) [39] 

For SOIMUMPs, SOI wafers are utilized in this dissertation. SOI wafers are 

purchased from commercially available ones. In this case, some dimensions can be 

limited by SOI wafer sellers or vendors. The SOI wafer is composed of three layers; the 

device layer (or a front side in red in Fig. 2.15), the buried oxide layer (in black in Fig. 

2.15) and the handle layer (or a back side in blue in Fig. 2.15). For this system, the device 

layer is set to be 30 +/- 1 µm thick, the buried oxide is 2 +/- 0.05 µm thick and the handle 
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layer (substrate) is 450 +/- 10 µm thick. The resistivity of the device layer is adjustable 

and controlled to be less than 0.01 Ω-cm. The device layer can be etched down to the 

buried oxide layer, which is utilized for main devices such as actuators, mechanical 

linkages and motion platforms. The handle layer is also be patterned and etched from the 

bottom side to the buried oxide layer. The main purpose of this layer is to protect the 

device layer and improve its accessibility. But recent researches start utilizing this layer 

as a secondary device layer. The buried oxide layer plays an adhesive layer between the 

device layer and the handle layer and also operates as an electric insulation, etching stop 

for DRIE and thermal insulation. 

In this dissertation, a silicon-on-insulator (SOI) wafer and SOI-MUMPs are 

utilized to build the desired motion stages for 3 DOF motions. The presented motion 

stages consist of two layers, which can be implemented in SOI wafers without additional 

fabrication processes. The device layer and the handle layer will be patterned through the 

DRIE. In this case the buried oxide layer of SOI wafers works as the etching stop layer 

for this DRIE. The presented motion stage follows the standard SOI-MUMPs and is 

based on SOI wafers, so no special fabrication processes is needed and the motion stage 

design presented in this dissertation can be built without any special equipment. 

2.7 Summary 

The current state of MEMS based actuation mechanism has been summarized and 

compared with each other in the previous sections. From this observation, we notice that 

various actuators and kinematic models have been developed and some of them are well 

analyzed and utilized in various applications. Among them, some relevant designs are 

surveyed and compared in Table 2.1 to Table 2.6. Designing a motion stage in MEMS is 
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also a sort of a trade-off among various actuators and design parameters. However, there 

are still challenging areas in some respects; a sufficient range of motion, lack of 

appropriate mechanisms between multiple DOFs, limited out-of-plane motions, and 

insufficient MEMS fabrication methods. These constraints indicate that a new design 

approach is needed to generate 3 or more DOFs motion. Hence, we believe that there are 

some rooms to improve in this research area and decide important features for the motion 

stage designs.  

1. Electrothermal actuators: Many researchers on MEMS-based motion stages have 

utilized electrostatic actuators for their applications, because electrostatic 

actuators are easier to build, simple to design, high frequency response and good 

electric connection when multiple actuators are engaged. Since the characteristics 

of the motion stage are inherited from the actuator, these electrostatically actuated 

stages can have properties similar to electrostatic actuators. However, 

electrostatically actuated stages have some issues; small force and clean 

environment. This dissertation is to design a motion stage and to utilize it for 

micro-manipulation application, so interactions with external objects is necessary. 

In this case, this manipulation requires enough force to move external objects 

which might be dirt and can contaminate the motion stage. To achieve it, an 

electrothermal actuator can be a good alternative rather than modifying existing 

electrostatic actuators. High driving voltages to electrostatic actuators can cause 

electrostatic force, which can affect the gripping operation electrostatically. The 

drawbacks in the electrothermal actuator such as a short stroke are studied in this 
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dissertation to overcome by adapting mechanical amplifiers and optimizing the 

actuator.  

2. Serial kinematic mechanism (SKM) for multi-DOFs motion: Many MEMS-based 

motion stages are based on parallel kinematic mechanism (PKM), because PKM 

is easy to implement in MEMS and also generate reliable motions, compensate 

coupled motion error, and is stiff against external disturbance. However, most 

implementation of PKM focuses on in-plane motions such as in-plane linear 

motions or in-plane rotational motions. This is because it is hard to integrate out-

of-plane structures with in-plane structures in PKM. In MEMS, it is still 

challenging to design out-of-plane structures. This comes worse, when the out-of-

plane structure needs to integrate with in-plane structure for PKM. In this 

dissertation, we design and build 3-axis or 3 DOF motion stage consisting of two 

in-plane motions and one out-of-plane motion. This 3-axis motion is more natural 

in manipulation applications. For this purpose, integration of three different 

actuation systems is introduced. Instead of PKM, serial kinematic mechanism 

(SKM) is chosen for integration of an out-of-plane structure in this dissertation. 

With SKM, the chosen out-of-plane actuator or motion stage can be integrated 

with another system without any significant modification. In addition to this, each 

motion from the motion stage based on SKM is designated to each actuator 

separately, so straightforward control is possible, which also can reduce its 

preprocessing time and make user understand its operations intuitively when 

multiple motion stages are engaged for manipulation such as a coordinated 

manipulation. 
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3. Design of an out-of-plane motion stage: No research has been done so far for an 

out-of-plane motion stage based on integration with existing in-plane motion 

stages. The desirable out-of-plane motion stage will have four important features; 

(1) it consists of an actuator and a motion platform similar to the in-plane motion 

stages; (2) it is also capable of generating performance similar to the in-plane 

motion stages such as a motion rage and force; (3) its stiffness will be in the same 

level with the in-plane motion stages; (4) this stage should be easily integrated 

with the in-plane motion stages by using almost same fabrication methods. Most 

existing out-of-plane motion stages reported are designed to operate as a stand-

alone and their fabrication methods are pretty different from them for in-plane 

structures. In this dissertation, a new out-of-plane motion stage is designed and 

proposed for the integration with in-plane motion stages. The new out-of-plane 

motion stage is designed to meet the four requirements described above and will 

be integrated with in-plane stages for 3 DOF motions. 

4. The range of motion more than 50 µm along X, Y, and Z directions: In this 

dissertation, the expected applications of the presented motion stage are 

manipulation of micro- or nano-sized objects. When an object to rotate has a 

diameter of 10 µm, at least the motion of 50 µm is needed to rotate it up to 360 

degrees with two fingers or move it onto another position. In this dissertation, we 

set the target range of motion as 50 µm for X, Y and Z axes.  

5. A few mN level of force along X, Y, and Z axes: a few milli-Newton level of 

force are also required to grip and move small objects like micro-spheres. Many 

actuators provide hundreds micro-Newton level force and this is not enough to 
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move some structures near the motion stage made of the same wafer. By adapting 

and optimizing the electrothermal actuator, the force larger than a few mN is 

expected in this dissertation.  

The presented motion stage in this dissertation is designed based on the considerations 

such as 3-axis motion, motion of 50 µm, force larger than a few mN, and coupled motion 

error less than 1 %. Based on the details described above, the proposed high precision 

motion stage in this dissertation adapts electrothermal actuators for their large force and 

reasonable input driving voltage. The integration of three individual motion stages is 

based on SKM. For the implementation of the SKM, nested structures are utilized twice; 

the Z-stage is embedded onto the Y-stage and the Y-stage is also embedded onto the X-

stage. With this dual nested structure, the coupled motion error among the three motion 

stages engaged is expected to decrease. Based on these considerations, the presented 

motion stage in this dissertation has a capability to meet those requirements and 

demonstrate a manipulation of micro-meter size objects. 
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Chapter 3 MEMS based thermally actuated single DOF stage 

In this chapter, the design and characterization of an MEMS-based single-DOF motion 

stage (called an X-stage) is presented. This X-stage is designed to measure the material 

properties of viscoelastic materials in a parallel plate type rheometer. With this rheometer 

device, the viscosity and elasticity of a cementitious material is tested, for its importance 

in a constructional industry. For appropriate measurement for this application, the 

presented X-stage needs to generate a shear force around 60 Pa and also have a stiffness 

of about 50 N/m. In order to meet these requirements, the dual bent-beam electrothermal 

actuator is designed and adapted. In addition to this actuator, a motion platform is also 

installed to provide an enough test bed for nano-liters level volume. An embedded 

capacitive sensor is connected at the end of the motion platform to monitor its motion 

with the resolution of 1.06 µm. A reference cement paste, SRM-2492 is placed onto the 

motion platform of the X-stage and then a stationary glass plate is installed on the top of 

them to measure its yield stress and plastic viscosity. 

3.1 Introduction 

Cement pastes are a key material in civil engineering and used in various 

structures and applications [122]. In many applications, the material properties of cement 

paste need to be adjusted to meet the requirements depending on their situations. These 

properties can be controlled by adjusting the combination ratio among the additive 

dosages. In order to find optimum ratios, many different combinations have been tested 

and monitored frequently. Among various properties, the viscoelastic shear properties of 

cement pastes have been measured importantly [123].  
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In order to measure these viscoelastic shear  properties of cementitious materials, 

various rheological measurement methods have been utilized; a corn and plate type, a 

parallel disk type, an eccentric rotating disks type, a concentric cylinder type, sliding 

plate type, and a shear-sandwich type [124]. The basic principle of these rheometers is to 

apply shear rate to the target material and measure its corresponding response or shear 

stress.  

Among various rheometers, a parallel disk type [125] and a sliding plate type [126] 

have been commonly used for their simple mechanism. These are composed of two plates; 

one is a stationary plate and the other is a vibrating plate in parallel. The vibrating plate is 

designed to generate a rotational motion or a linear motion to apply shear rate to a target 

material. The corresponding motion of a material to measure will be monitored to obtain 

its shear stress information. In the cementitious material testing, the frequency ranges 

from 0.2 Hz [127] to 1 Hz [128] are commonly used and the gap between two parallel 

plates is around 0.4 mm to 0.65 mm [127]. This gap should be large enough to reduce the 

effect from the grain size of a cementitious material, which is roughly 80 µm to 100 µm 

[124]. The measured shear or storage modulus ranges from 100 Pa to 1.3 MPa in 

previous researches [128]. These specific design parameters are referenced for 

appropriate designs in this chapter. 

Conventional rheometers are bulky and expensive, so it consumes considerable 

amount of test materials and a cleaning process between tests is necessary. It is also 

impossible to run multiple tests at a same time. Considering these situations, it would be 

beneficial to develop a portable and disposable measurement method. With these features, 

it is advantageous to run multiple measurements at the same time. This is especially 
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important in civil engineering, since the cement paste solidifies within an hour after its 

cure. For these reasons, rheometers based on a micro-electro-mechanical systems 

(MEMS) have been developed [129]. MEMS devices have advantages in its low cost 

from batch process and a small form factor [20], which make multiple tests at the same 

time possible and also improve its portability and disposability for various industrial 

environment [130]. 

The sliding plate type rheometers composed of two plates in parallel are 

compatible with MEMS fabrication technologies. The motion of the plate can be 

implemented by electrostatic actuators or electrothermal actuators [29,87,131]. The 

electrostatic actuator can provide a reliable motion at high frequency. However, this 

actuator is able to generate micro-Newton level force, which is too small to generate 

enough motions. This actuator also requires a clean environment or good isolation, which 

results in poor reliability in rheometer, because small amount of a target material can 

leave a permanent damage on the device. The electrothermal actuator has a short 

operation frequency, which is still good in cementitious materials and reliable in dusty 

environment. In addition to these properties, the electrothermal actuator is able to 

generate mill-Newton level force for a large motion [71,132]. 

This paper describes a 1 DOF linear motion stage designed for rheological 

measurement. This stage is composed of an actuator and a motion platform. An 

electrothermal actuator is adapted for its large force and reliable operation in dust 

environment [71,132]. Instead of visual measurement in previous MEMS-based 

rheometer [129], a capacitive displacement sensor is embedded for its accurate 

measurement. This device is fabricated based on Silicon-on-insulator Multi-User Multi-
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Processes (SOI-MUMPs) [39] and tested with SRM 2492 [133], which is a reference 

material for cement pastes. Experimental characterization process follows Bingham Paste 

Mixture model to calculate its viscoelastic properties. 

3.2 Design of the X-stage 

 

Figure 3.1: A MEMS based X-stage for rheological measurement set-up 

Figure 3.1 illustrates the rheological material testing set-up with the presented X-stage 

stage. This implementation follows the basic mechanism of the parallel plate type 

rheometer. This system is composed of two plates and measures the response from a 

target material placed between them. One plate is stationary and the other is movable to 

apply the shear force to the target. In this study, the vibrating plate will be replaced by the 

motion platform of an MEMS-based X-stage. When the X-stage applies a shear force to 

the cementitious material through its motion platform, the corresponding displacement 

will be measured by the embedded capacitive sensor.  

Figure 3.2 shows the 3D CAD model of the X-stage for the rheometer. The stage 

consists of a dual bent-beam electrothermal actuator, eight folded springs, one motion 

platform, and an embedded capacitive sensor. The dual bent-beam type electrothermal 
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actuator is composed of two bent-beam type actuators, which are serially connected. This 

actuator is designed to keep its stiffness lower to be sensitive to external load changes. 

The motion platform is a square plate providing an area larger than 2 mm x 2 mm, which 

is enough for a few nano-liter level cementitious materials. The eight folded springs are 

supposed to hold the motion platform in its position against any out-of-plane deformation. 

The embedded capacitive sensor is directly connected to the motion platform to monitor 

its displacement accurately. The stationary plate is made of a glass sheet and will be 

placed on the top of the motion platform and supported by four columns. The gap 

between the two plates is measured later for accuracy and is adjusted to be taller than an 

average grain size of the cement paste.  

 

Figure 3.2: 3D CAD models of the 1-DOF motion stage 

 

3.2.1 The analysis for the dual-bent beam electrothermal actuator 

Figure 3.3(a) illustrates the schematic model of the presented X-stage to design. The dual 

bent-beam electrothermal actuator is implemented with a serial connection of two bent-

beam type electrothermal actuator and a connecting bar. An actuator similar to this design 

was reported as a one-ring spring actuator [52]. With successful thermal insulation, this 

An electrothermal actuator 

A motion platform 

A folded spring 

A capacitive sensor 
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bar can work as a motion constraint to increase the motion of its shaft. However, MEMS 

fabrication methods, SOI-MUMPs adapted in this study is difficult to implement this 

thermal isolation well. Thus, the dual bent-beam presented in this study is utilized a 

different working principle; the connecting bar will be expanded by its Joule heating or 

resistive heating and this expansion generates the main force to thrust the motion 

platform. In this case, the operation direction is opposite to that of the one-ring spring 

actuator [52].  

 

(a) 

 

(b) 

Figure 3.3: The conceptual design of the X-stage; (a) a schematic model; (b) a lumped model 

 

The lumped model shown in Fig. 3.3(b) represents the expected forces and 

displacements of the X-stage, where Kbent is the stiffness of the bent-beam type actuator 

A motion platform 
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and  Kplat is the stiffness of the motion platform. Based on this diagram, the total stiffness 

of the actuator Kact can be expressed as: 

                                       
1

𝐾𝑎𝑐𝑡
=

1

𝐾𝑏𝑒𝑛𝑡
+ 

1

𝐾𝑏𝑒𝑛𝑡
   or   𝐾𝑎𝑐𝑡 =

𝐾𝑏𝑒𝑛𝑡

2
                                  (3.1) 

The output displacement of the motion platform can also be expressed based on a 

parallel connection of springs as: 

                                               Uplat =
𝐹𝑎𝑐𝑡

𝐾𝑎𝑐𝑡+𝐾𝑝𝑙𝑎𝑡
                                                           (3.2) 

where Fact is the force generated by the dual bent-beam type actuator. Kbent and Kplat are 

explained in the following.  

The presented dual bent-beam electrothermal actuator is shown in Fig. 3.4(a). The 

lateral bar in the middle of the actuator will be thermally expanded when an electric 

current flows through the bent-beam actuator. In this case, the expected mechanical 

behavior is described in Fig. 3.4(b), where a solid line is for its original shape and a 

dotted line stands for the expanded shape. Based on this mechanism, the stiffness of the 

actuator can be expressed [53] as: 

                                        𝐾𝑎𝑐𝑡 = 𝑛 (sin2𝜃 + cos2𝜃
𝑊2

𝐿2 )
𝐸𝑊𝑇

𝐿
                                       (3.3) 

Where n is beam number, W is beam width and L is beam length. Based on 

equation (3.3) and Table 3.1, the expected stiffness of the presented dual bent-beam 

actuator is 43.0 N/m, which is a half of the bent-beam type actuator. The calculation from 

Finite Element Analysis (FEA) is about 43.7 N/m, which shows an error less than 1 %.  
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(a) 

 

 (b) 

Figure 3.4: the design of the dual bent-beam electrothermal actuator; (a) a schematic diagram; 

(b) the expected mechanical behavior 

The expected force from the actuator, Fact can be expressed from the thermal 

expansions and its related stress [27] as: 

                                          𝐹act = 2𝛼∆𝑇ave𝐸𝑊𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑛𝑔𝑇sin𝜃                                     (3.4) 

where α is coefficient of thermal expansion of silicon, ∆𝑇ave is an average 

temperature rise in the actuator, Wconnecting is the beam width of the lateral beam and T is 

the thickness of the actuator and  Ɵ is the beam angle in the actuator. Among the design 

parameters in equation (3.4), the average temperature rise ∆𝑇ave can be expressed as a 

function of a driving voltage [53] as: 

                                                    Δ𝑇ave =
𝑉2

3𝑘𝜌
                                                                 (3.5) 
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Where k is thermal conductivity of silicon, ρ is resistivity of silicon, and V is a driving 

voltage.  

3.2.2 The motion platform with eight folded springs 

 

 

Figure 3.5: The folded spring design 

The motion platform is one large square plate and supported by eight folded springs in 

order to reduce any out-of-plane deformation when a sticky target material is placed. The 

folded spring shown in Fig. 3.5 is a compliant mechanism transmitting translational 

motion via its elastic deformation. The stiffness of the motion platform, Kspring can be 

expressed as a combination of the stiffness of eight folded springs [52] as: 

                                   
2

𝐾plat
=

1

𝐸𝑇
(

𝐿𝑠𝑝𝑟𝑖𝑛𝑔
3

2𝑊𝑠𝑝𝑟𝑖𝑛𝑔
3 +

6(1+𝜇)𝐿𝑠𝑝𝑟𝑖𝑛𝑔

5𝑊𝑠𝑝𝑟𝑖𝑛𝑔
+

𝐿𝑠

2𝑊𝑠
+

3𝐿𝑠𝑝𝑟𝑖𝑛𝑔
3 𝐿𝑠

2𝑊𝑠
3 )                       (3.6) 

Where, µ is the Poisson’s ratio of silicon, and the other design parameters are described 

in Fig. 3.5 and Table 3.1. Based on these design parameters equation (3.3) predicts that 

the stiffness of the motion platform will be 53.4 N/m. The FEA calculation is 51.76 N/m, 

so the 3 % difference implies that it is reasonable to use equation (3.6) to obtain the 

stiffness of the folded springs within acceptable errors. 

Based on three design parameters described above, equation (3.3) can be extended 

with more details as:  
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                                    𝑈𝑝𝑙𝑎𝑡 =
2𝛼𝐸𝑊𝑇sin𝜃

 3𝑘𝜌{𝑛(sin2𝜃+cos2𝜃
12𝐼

𝐴𝐿2)
𝐸𝑊𝑇

𝐿
+𝐾plat}

𝑉2                                (3.7) 

Where, I is the area moment of inertia and the other parameters are described in 

Table 3.1. Equation (3.7) implies that the displacement of the motion platform is 

proportional to the square of the driving voltage, which will be verified with experimental 

results.  

Table 3.1: The dimensional range of the design parameters 

Symbol Design parameter Values 

W Actuator beam width 22.37 μm 

θ  Actuator beam angle 0.8 degrees 

L Actuator beam length 2350 μm,  

T Actuator beam thickness 30 μm 

n Number of beams in actuator 5 

Lspring Folded spring link length 1000 μm 

Ls Folded spring short link length 100 μm 

Wspring Folded spring link width 15 μm 

Ws Folded spring neck length 100 μm 

Kplat The stiffness of the motion platform  51.76 N/m 

Kact The stiffness of the actuator 43.7 N/m 

             

3.2.3 Design constraints; thermal limit 

The main design constraint of the presented actuator is the thermal limit of silicon. 

Higher temperature than the half of melting point of silicon (1414 ̊C) has a possibility to 

occur permanent damage on the X-stage. This can result in a shorter life-time and a lower 

performance than expected. Thus, the maximum temperature rise Δ𝑇max  should not 
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exceed this limit; various temperature limits have been reported for this; 550 ˚C [61], 600 

˚C [89] or 900 ˚C [134]. The lowest value among them has been selected as the 

maximum temperature limit in this chapter for a reliable operation. Since the room 

temperature is measured as 20 ˚C, the relationship between the maximum temperature 

rise and the average temperature rise can be expressed [27] as: 

                                        ∆𝑇max =
3

2
Δ𝑇ave < 530ºC                                                     (3.8) 

The displacement of the motion platform in equation (3.7) is limited by 

temperature limit in equation (3.8).  

3.3 Finite element analysis (FEA) 

A series of Finite Element Analysis (FEA) is utilized with ANSYS [135] to 

predict the expected thermal and structural behavior of the proposed design. With these 

purposes, this FEA is also used to verify the design processes in the previous section. The 

material properties for this FEA are from a similar research [27]. Structural and thermal 

boundary conditions and thermal assumptions are applied to this FEA; (i) assumed to be 

fixed firmly on the ground for structural analysis, (ii) the ends of the eight folded springs 

and the ends of the actuator are also connected to a heat sink at room temperature of 

20 ℃ for thermal analysis, (iii) heat conduction only is taken into consideration as a 

thermal energy transfer.  

Figure 3.6 shows the expected displacement of the actuator and the motion 

platform as a function of a driving voltage. The displacement of the actuator is measured 

at the connecting bar between two bent-beam actuators and the motion of the motion 

platform is measured in its center. Figure 3.6 shows that the displacement of the motion 
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platform is twice of that of the connecting bar as expected. These results are also 

compared with the analytic results from equation (3.7) showing that equation (3.7) can 

predict similar values with FEA, but its trend pattern is slightly different due to limited 

material properties.  

 

Figure 3.6: FEA result of the displacement by driving voltages 

 

The stress distribution of the X-stage is also monitored to determine its 

mechanical state during its operation. Figure 3.7(a) shows the von Mises stress 

distribution of the half of the presented 1-DOF motion stage. Its actuation source is the 

temperature rise up to 542.6 ºC, which is close to its maximum allowable temperature. If 

the stage is stable under this temperature, this can be interpreted that the stage is stable 

under its maximum displacement. With this temperature rise, FEA simulation reveals that 

von Mises stress is less than 193 MPa over the stage as shown in Fig. 6(b), where most 

deformation occurs around the folded springs and the other portions remain same during 

its operation. No mechanical deformation is expected to a target material placed on the 
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motion platform. In addition to this, 193 MPa is far less than 7 GPa, yield strength of 

silicon indicating that no structural failure is expected at its maximum displacement.  

 

 

(a) 

 

 

(b) 

Figure 3.7: FEA simulation results by the temperature rise of 542.6 ºC; (a) the displacement 

vector sum (in μm unit); (b) von Mises stress distribution over the stage (in MPa unit) 
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3.4 Fabrication 

 

(a) 

   

(b)                                                       (c) 

Figure 3.8: The SEM images of a fabricated X- stage; (a) a frontal full view; (b) a backside view 

of the connecting bar in the actuator; (c) a backside view between the actuator and the motion 

platform for electric isolation 

 

The fabrication process for the proposed motion stage follows Silicon-On-Insulator 

Multi-User Multi-Processes (SOIMUMPs) [39]. With this standard process, a Silicon-

On-Insulator (SOI) wafer is used as a starting material, which consists of a 30 μm thick 

device layer, a 400 μm thick handle layer and a 2 μm thick buried oxide layer. The 

fabrication process consists of four steps – metal layer deposition, deep reactive ion 
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etching (DRIE) of the device layer, DRIE of handle layer, and removal of buried oxide 

layer. The details about this fabrication are described in details in previous research [27]. 

 

(a) 

 

(b) 

Figure 3.9: The SEM images of a fabricated 1-DOF motion stage; (a) a closed-up view of the 

folded spring; (b) an embedded capacitive sensor 

 

Based on the fabrication procedure described above, the X-stage has been 

fabricated and is shown in Fig. 3.8(a), where the bright areas stand for metal layers and 

used for electric connection of the embedded capacitive sensors and the actuator. The 

grey portions are silicon and constitute a most portion of the device. Figure 3.8(b) is the 

lateral bar and a supporting block on the backside of the actuator. The block in Fig. 3.8(c) 

is designed to isolate the actuator electrically and thermally from the motion platform to 
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reduce its effect on the platform. For this purpose, its top side has a physical gap, which 

will be held by this block to transfer the displacement or force from the actuator to the 

motion platform.  

The folded spring is shown in Fig. 3.9(a), where an embedded electric path is also 

embedded on the folded spring for electric connection of the embedded sensor. With this 

feature, this folded spring works as an electric path as well as a structural supporter.  

The detailed view of the embedded sensor is shown in Fig. 3.9(b). This sensor is 

made up of multiple inter-digitated fingers and composed of three different groups; high 

electrode, low electrode and a middle group. These three groups comprise a differential 

type capacitive sensor, which can eliminate the residual capacitance among the engaged 

MEMS components. The motion platform is linked to the middle group and its motion 

increases the capacitance with one group and decreases it with the other group. 

3.5 Experimental results 

The fabricated X-stage is characterized experimentally for its performance including its 

maximum displacement and the calibration of the embedded sensor. The displacement of 

the X-stage is measured with the embedded capacitive sensors. In this experiment, two 

metal pads in the actuator are electrically connected to a DC power supply units (Model 

3322A
1
 from Agilent) and three electrodes in the embedded capacitive sensor are 

connected to 1 channel capacitance to digital converter module, AD7747 [136]. For the 

calibration of the sensor, the motion platform is monitored by an optical profiler 

(VEECO
1
 NT1100 [137]). After the displacement obtained from an optical profiler is 

compared with a capacitance change in AD7747, the embedded sensor can be calibrated 
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with a capacitance-to-displacement ratio of 106.41 µm/pF. Based on the specification of 

AD7747 [136], this sensor has the resolution of 2.1 nm and the accuracy of 1.06 µm.  

 

Figure 3.10: Experimental results of the displacement of the 1-DOF motion 

 

 With this calibrated embedded sensor, the displacements of the X-stage have been 

measured with two different cases; alone and one with a material to measure separately. 

Figure 3.10 shows the displacements of the X-stage experimentally measured through the 

embedded sensor for these two cases. This indicates that the displacement difference 

between a stand-alone and one with a sample shows a reduction of displacement by 25 %, 

which is enough noticeable different and gives enough sensitivity to the embedded sensor. 

FEA simulation results show similar motion pattern, but higher than the others. This 

comes from a limited simulation condition; thermal conduction only is taken into 

consideration in the FEA simulation. Based on this experimental observation, the X-stage 

is well adjusted to detect the motion reduction from a cementitious material to measure. 

The combined sensor also plays well in monitoring the motion platform. 

3.6 Viscoelastic material testing for a SRM 2492 
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The viscosity and elasticity of the cementitious materials are commonly measured to 

define their viscoelastic properties [122]. When a force is applied to one plate in a 

parallel plate type rheometer, the shear stress (𝜏) can be expressed as: 

                                                      𝜏 =
𝐹

𝑆
                                                                     (3.9) 

 Where, F is a shear force and S is the contact area. If 𝐹 = 𝐹𝑜  cos 𝜔𝑡 , then 

equation (3.9) will be: 

                                                      𝜏 = (
𝐹0

𝑆
) cos 𝜔𝑡 = 𝜏0 cos 𝜔𝑡                                (3.10) 

Where 𝜔 is angular velocity. In this case, the displacement of the other place or shear 

strain ϒ will be expressed as: 

                                                       𝛾 = 𝛾0 cos(𝜔𝑡 − 𝜙)                                                (3.11) 

Where, 𝜙 is a phase shift between the actuating plate and the other. The phase angle 𝜙 

will be 0 for a perfect solid and π/2 for pure viscous liquid. For viscoelastic material like 

cement paste, the phase angle 𝜙 will be between them and is one important material 

property that depends on frequency.  

The linear constitutive equation about the shear stress and shear strain is 

                                                         𝜏∗ = 𝐺∗𝛾∗                                                            (3.12) 

Where G
*
 is the complex shear modulus. By definition, G

*
 is composed of a real 

component and an imaginary component as follow: 
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                                                         𝐺∗ =  𝐺′ + 𝑖𝐺"                                                  (3.13) 

The real part G’ is the elastic shear modulus or storage modulus and the imaginary part G” 

is the viscous shear modulus or loss modulus. In this case, each them can be expressed 

based on the given geometries [126] as: 

                                                           G′ =  
𝜏0𝑑𝑐𝑜𝑠𝛿

𝐴𝑥0
                                                   (3.14) 

                                                           G" =  
𝜏0𝑑𝑠𝑖𝑛𝛿

𝐴𝑥0
                                                   (3.15) 

Where 𝑥0 is the displacement amplitude and 𝜏0 is the stress amplitude. The term G’ and 

G’’ are commonly used in rheological measurements and Bingham model has been 

widely used [125,133] to predict the viscoelastic behavior of the cement pastes, which is 

shown in Fig 3.11. The yield stress (YS) in Fig. 3.11 is the stress needed to initiate 

deformation and the plastic viscosity (VS) is the deformation rate when the shear stress is 

applied to.  

 

Figure 3.11: A Bingham model plot [19] 

 

Based on Bingham model, the shear stress can be described as: 
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                                                             τ =  YS + 𝑉𝑆�̇�                                 (3.16) 

Where σ is shear stress and �̇� is shear rate. In order to obtain the plastic viscosity 

(VS) and a yield stress (YS), the shear stress and the shear rate in Fig. 3.11 need to be 

measured. The shear stress (τ) can be defined from the basic definition of shear force and 

the affected area [138] and expressed as: 

                                                              τ =  
𝐹𝑎𝑐𝑡

𝐴
                                           (3.17) 

Where A is the contact area between the cementitious material and the vibrating 

plate, which needs to be measured after placing a material onto the plate. The force from 

the actuator, Fact can be also obtained from equation (3.3). With these two equations, the 

shear stress in equation (3.10) can be calculated.  

The shear rate is defined [122] as: 

                                                               �̇� =  
∆x

𝛿∆𝑡
                                           (3.18) 

 Where Δx is the displacement of the top plate measured by the embedded 

capacitive sensor, δ is the gap between two parallel plates, and Δt is the time applied to 

produce the displacement of Δx. The operating frequency used for the whole tests is 0.5 

Hz, so Δt will be a 1 sec for triangular motion.  

For accurate measurement, the X-stage is measured without a material to test first, 

because this parallel plate type rheometer have an embedded sensor on the vibrating plate 

side, not a stationary plate. With this test, the original shear force from the X-stage can be 

calculated and can be used later as a reference. After placing the target cementitious 
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material between two plates and applying the shear force, the displacement is also 

monitored by the embedded capacitive sensor. This procedure will be repeated with 

different driving voltage or different shear rate in order to have enough data to plot the 

Bingham model shown in Fig. 3.11.  

Based on the analytic relationship based on equation (3.17) and (3.18), Bingham 

model is plotted based on experimental data and shown in Fig. 3.12. In this test, SRM-

2492 mixture, a reference material for the cement paste is selected. This mixture is placed 

on the stationary plate, a transparent slide and then is installed on the top of the X-stage 

as described in Fig. 3.1. For different shear rate, the displacement of the X-stage is 

controlled by different input voltages ranging from 2 V to 5 V. With these repeated tests, 

the trend line can be plotted in Fig. 3.12 indicating that YS is 7.09 Pa and VS is 1.42 

KPa/s. The experimental data from conventional traditional rheometer [133] shows the 

yield stress (YS) is around 20 to 35 Pa and the plastic viscosity (VS) is 5 to 15 Pa/s with 

the shear rate up to 40 /s. The rheological results using the MEMS-based X-stage have 

lower YS and higher VS then those from the conventional rheometers [133].  

When the experimental results in Fig. 3.12 is combined with the data obtained 

from a conventional rheometer [133], a new graph can be plotted as shown in Fig. 3.13. 

This combined plot shows that the rheological measurement from the presented X-stage 

can be utilized to improve the resolution of current conventional rheometers at its low 

shear rate. This is because MEMS-based rheometer can detect more detailed results in 

small range of shear rate. 
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Figure 3.12: Measured experimental data of SRM 2492 from the presented method in this study 

 

 

Figure 3.13: The combination of experimental data with the results previously reported [133]  

 

3.7 Summary 

The design, fabrication, and testing of a MEMS based X-stage has been presented for 

rheological measurement of cementitious materials. This presented stage is designed to 

replace the vibrating plate in a parallel plate type rheometer. For this purpose, the X-stage 

adopts (1) the dual bent-beam type electrothermal actuator for a low stiffness, (2) a large 
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motion platform to place enough volume of cementitious materials, (3) an embedded 

capacitive sensor to monitor the displacement of the motion platform, and (4) adapting 

Bingham model to analyze the cementitious material. Through these procedures, a 

presented rheometer is able to generate up to the shear rate of 0.0275 /s and the shear 

stress of 45 Pa. Compared with conventional rheometer, this MEMS-based rheometer 

shows more detailed information in relatively short shear rate range, which can be 

utilized in various micro-structure made by viscoelastic materials where a small shear 

rate is meaningful. 
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Chapter 4 Optimization of MEMS electrothermal actuator for a single DOF 

stage 

Figure 4 illustrates the 3D CAD model of chosen MEMS in-plane single DOF motion 

stage. This stage is composed of one actuator, four links and one motion platform. The 

actuator is a bent-beam type electrothermal actuator and its shaft is connected to the 

motion platform through the two links. Four links supports four corners of the motion 

platform in position firmly. Among them, two links adjacent to the actuator also operate 

as a lever to amplify the displacement in the motion platform appropriately. Due to the 

lever mechanism, the motion direction of the motion platform is the opposite of that of 

the actuation direction. In Fig. 4.1, the small circles stand for the flexure hinge allowing a 

rotational motion and the lines represent rigid bars of the links. The combination of the 

flexure hinges and the rigid bars is able to deliver the force or displacement from the 

actuator to the motion platform. The design of the flexure hinge and the lever ratio are 

decided depending on the maximum force from the actuator and the stiffness of the 

motion platform.  

The compliant flexure design determines the total stiffness of the motion platform 

which results in the maximum displacement. Due to this reason, the compliant flexure 

design was discussed in Section 4.1, which reveals the maximum allowable rotation or 

the maximum displacement of the motion platform. Based on the stiffness information of 

the motion platform, the appropriate lever ratio is studied in order to maximize its 

displacement in Section 4.2. Through these analyses, the electrothermal actuator is 

designed in Section 4.3. Through these analyses, final design parameters have been 

decided to increase its maximum displacement in section 4.6. 
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Figure 4.1: The schematic diagram of the X-stage 

 

4.1 The flexure hinge design 

The flexure hinge used in this study is a compliant mechanism transmitting translational 

or rotational motion via its elastic deformation. Figure 4.2(a) shows the basic shape of a 

flexure hinge employed in the proposed X-stage. This flexure hinge is composed of a 

cantilever beam with circular curvatures around its corners and will be aligned along the 

Z axis to be bent easily along the Z axis and be stiff against other directions such as 

torsional motion or out-of-plane bending or deformation. 

The angular compliance Cz of this flexure hinge can be represented using the 

Paros and Weisbro formula [139]: 

𝑪𝐳 =  
𝟑

𝟐𝑬𝒃𝑹𝟐
[

𝟏

𝟐𝜷 + 𝜷𝟐
] {[

𝟏 + 𝜷

𝜸𝟐
+

𝟑 + 𝟐𝜷 + 𝜷𝟐

𝜸 ∙ (𝟐𝜷 + 𝜷𝟐)
] [√𝟏 − (𝟏 + 𝜷 − 𝜸)𝟐]

+  [
𝟔(𝟏 + 𝜷)

(𝟐𝜷 + 𝜷𝟐)
𝟑
𝟐

] [𝒕𝒂𝒏−𝟏 (√
𝟐 + 𝜷

𝜷

𝜸 − 𝜷

√𝟏 − (𝟏 + 𝜷 − 𝜸)𝟐
)]} 

(4.1) 

The motion platform 
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Where 𝛽 = 𝑡/2𝑅 , 𝛾 = ℎ/2𝑅 . E is Young’s modulus of silicon and 𝛼𝑧  is the angular 

deformation of the flexure about the Z-axis in radians.  

 

(a) 

 

(b) 

Figure 4.2: The flexure hinge compliant mechanism; (a) the flexure hinge design (t: thinnest 

width in the flexure, R: radius of curvature, h=2R+t, b: width); (b) the maximum allowable 

translational motion of the flexure hinge before its failure 

 

Equation (4.1) predicts well about the stiffness after experimental comparison; 

Seungho et al [19] used this flexure hinge with the design parameters of t = 4 μm, R = 

10.6 μm, b = 2R + t, b = 30 μm, and a lever length = 800 μm. This design had been 
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fabricated with MEMS fabrication technologies and its stiffness was measured by an 

atomic force microscopy (AFM). This experimentally measured result show the flexure 

has the stiffness of 45.34 N/m [19]. This result is compared with equation (4.1) showing 

that the analytic stiffness is expected to be 47.82 N/m. This result is less than 5 percent 

difference from the experimental value. Thus equation (4.1) is reasonable to utilize for 

the current design process.  

With the angular compliance of the flexure hinge, this property can be converted 

into a linear stiffness. When Mz is the external bending moment applied to the flexure 

hinge, its maximum value can be expressed as: 

                               𝑀z =
2𝜎𝐼min

𝑡
                                                                                   (4.2) 

Where σ is the rotational stress and I is for the inertial of moment. Based on the 

equation (4.2), the maximum allowable bending moment can be expressed as a function 

of maximum allowable stress and as: 

                            𝑀max =
2𝜎𝑚𝑎𝑥𝐼min

𝑡
                                                                            (4.3) 

Since the maximum allowable rotation angle occurs under the maximum bending 

moment 𝑀max, the maximum angle ∝max can be expressed as a function of a maximum 

bending moment as: 

                               ∝max= 𝑀max ∙ 𝐶z                                                                         (4.4) 

Equation (4.4) reveals the maximum allowable rotational angle. Based on this 

equation, the maximum displacement of the motion platform can be described based on 
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the link geometries, especially the lever length, Llever. In this case, the maximum 

displacement can be described in terms of the maximum allowable rotation angle 𝛼max of 

the flexure as: 

        ∆𝑈max = 𝛼max ∙ 𝐿lever = 𝑀max ∙ 𝐶z ∙ 𝐿lever =
2𝜎𝑚𝑎𝑥𝐼min

𝑡
𝐶z𝐿lever                   (4.5) 

Where the area moment of inertia 𝐼𝑚𝑖𝑛 =
𝑏𝑡3

12
 and 𝜎𝑚𝑎𝑥  is the yield strength of 

silicon (5 - 9 GPa [140]). Based on equation (4.5), the design parameters in the flexure 

hinge are selected to maximize the displacement of the motion platform with acceptable 

reliability. The flexure hinges experience the significant stress during the operation, so 

most mechanical failures such as cracking or breaking down occur near the flexure 

hinges. There are a few design constraints; the Silicon-on-insulator (SOI) wafers 

purchased for this design has 30 μm thicknesses for its device layer, the thickness of the 

flexure (T) is set to be 30 μm.  

Based on the equations (4.1) to (4.5) and the other parameters used in reference 

[19], the output displacement has a strong relationship with the flexure thinnest width (W) 

as plotted in Figure 4.2(b). Figure 4.2(b) also shows that the narrower thinnest width (t) 

can endure larger deformation indicating a longer displacement. However, the narrow 

thinnest width (t) is more vulnerable at noise and vibration during operations resulting in 

a poor yield rate. Due to this property, the thinnest width (t) should be determined in 

advance in order to guarantee reliable operations. In order to compare its yield rate 

depending on the thinnest width (t), three different models are prepared and fabricated. 

The fabrication results are listed in Table 4.1. Table 4.1 shows that the survival rate is 

more than 80 % with the thinnest width of 7 μm after fabrication. These also show the 



98 
 

maximum displacement of more than 60 μm displacement, which is acceptable in this 

study. The full devices with the thinnest width of 9 μm survived, but its performance is 

less than 20 μm. The thinnest width of 5 μm shows less than 40 % survival rate and its 

maximum displacement is observed larger than 80 μm. In order to generalize this 

relationship, more experiments are needed to exclude any unexpected environmental 

effects. However, it is still valid that the smaller thinnest width (t) is desirable for its 

maximum displacement and the larger thinnest width (t) is good for reliable fabrication 

and operation. In this study, the thinnest width (t) is decided to be 7 μm to meet both the 

acceptable reliability and the maximum displacement.  

Another design parameter is the radius of curvature (R). The larger radius of 

curvature (R) reduces the rotational stiffness and increases the maximum displacement. 

Given the allowable geometry, the radius of curvature (R) is set to be its maximum; 40 

μm.  In this case, the width (b) is automatically set to be 2R+t from its geometric 

relationship. 

Table 4.1: Three different flexure hinge models 

Symbol The thinnest width(t) Yield rate Maximum displacement 

A 5 μm 38 % ~ 80 μm 

B 7 μm 82 % ~ 60 μm 

C 9 μm 98 % ~ 20 μm 

 

With the determined design parameters, the stiffness of the flexure hinge will be 

7.52 Nm/μrad from equation (4.1) and the maximum rotational angle will reach up to 

0.163 rad from equation (4.4). The maximum displacement of the presented X-stage is 
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expected to be 58.2 μm from equation (A.5) with the appropriate levers and an actuator. 

These two components are studied in the following sections.  

4.2 The lever ratio 

The lever mechanism used in the proposed X-stage also plays an important role between 

the actuator and the motion platform. The previous 1 DOF MEMS nano-positioner 

adapting a lever mechanism prefers a higher lever ratio for larger stroke [29] within 

permitted space. Contrary to the conventional micro-stages, the affordable lever ratio in 

MEMS has relatively narrow choice due to its small form factor and limited fabrication 

technologies. In the presented X-stage, the lever ratio should be than 1:11 due to the 

limited space for the flexure hinge. With this design constraint, the appropriate position 

of the pivot in the lever is studied for the maximum displacement of the X-stage. 

 

Figure 4.3: The schematic diagram of the lever mechanism adapted in the XY-stage 

 

The X-stage can be regarded as the combination of two springs and a lever. One 

spring represents the actuator and the other spring stands for the motion platform. The 

lever is located between them to convert and transfer the force and the displacement. This 

relationship is described in Fig. 4.3. The force generated from the actuator can be 

regarded as an external force applied to the actuator, which is indicated by Fact in Fig. 4.4. 

The term n is introduced for the beam number of the actuator to analyze the beam number 

n 
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separately and the term Kact is the stiffness of the actuator with a single beam. Based on 

this schematic diagram in Fig. 4.3, the conservation of the moment can be expressed as: 

                                          𝐹act𝑉act = 𝐹𝑝𝑙𝑎𝑡𝑉𝑝𝑙𝑎𝑡                                          (4.6) 

where Vact and Vplat are the velocities of the actuator and the motion platform, 

respectively.  Equation (4.6) can be written as: 

                                          𝐹act
𝑑𝑈act

𝑑𝑡
= 𝐹𝑝𝑙𝑎𝑡

𝑑𝑈plat

𝑑𝑡
                                           (4.7) 

Where Uact is the displacement of the actuator, Uplat is the displacement of the motion 

platform. The existing lever ratio can be expressed as; 

                                           (
𝐿1

𝐿2
) 𝑑𝑈act = 𝑑𝑈𝑝𝑙𝑎𝑡                                                          (4.8) 

Substituting equation (4.7) into equation (4.8) gives the relationship between the two 

forces as: 

                                                      𝐹act = (
𝐿1

𝐿2
) 𝐹𝑝𝑙𝑎𝑡                                          (4.9) 

In this case, the stiffness of the actuator can be rewritten as: 

                  𝐾act =
𝐹act

𝑑𝑈act
=

(
𝐿1
𝐿2

)𝐹𝑝𝑙𝑎𝑡

𝑑𝑈act
=

(
𝐿1
𝐿2

)𝐹𝑝𝑙𝑎𝑡

𝑑𝑥𝑝𝑙𝑎𝑡

(
𝐿1
𝐿2

)

= (
𝐿1

𝐿2
)

2 𝐹𝑝𝑙𝑎𝑡

𝑑𝑈𝑝𝑙𝑎𝑡
= (

𝐿1

𝐿2
)

2

𝐾plat              (4.10) 

Therefore, the stiffness relationship between the actuator and the motion platform can be 

summarized as: 

                                            𝐾act = (
𝐿1

𝐿2
)

2

𝐾plat                                                    (4.11) 
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Based on the stiffness relationship in equation (4.11), the kinematic relation can be 

expressed as: 

                             (
𝐿1

𝐿2
)

2

𝐾plate𝑈plate = 𝑛𝐹𝑎𝑐𝑡 − 𝐾act𝑈𝑎𝑐𝑡                                         (4.12) 

Where, L1 and L2 are the length of lever, Fact is the force from the actuator and, Kact and 

Kplat are the stiffness of the actuator and the motion platform, respectively. In this case, 

equation (4.12) can be rearranged for the displacement of the actuator or the motion 

platform as: 

                                                  𝑈act =
𝑛𝐹act

𝐾act+(
𝐿1
𝐿2

)
2

𝐾plat

                                               (4.13) 

                             𝑈plat = (
𝐿1

𝐿2
) 𝑈act = (

𝐿1

𝐿2
)

𝑛𝐹act

𝐾act+(
𝐿1
𝐿2

)
2

𝐾plat

                                       (4.14) 

Equation (4.14) indicates that the stiffness concerned to the lever is proportional to the 

square of the lever ratio. This relationship can be verified through FEA, which agreed 

with equation (4.14). This relationship implies that more force or stiffness is needed from 

the actuator for an efficient operation. 

4.3 The number of beam in the actuator 

The lever mechanism used in the proposed X-stage was analyzed in the previous section. 

Equation (4.14) indicates that the number of beam (n) is also important parameter for a 

large displacement. For better understanding, the maximum displacements are calculated 

based on different lever ratios (L1/L2) and beam numbers (n). These relationships are 

plotted in Fig. 4.5, where the displacement is linearly proportional to the lever ratio with 

the lever ratio less than 1:3. With higher lever ratio, its increment rate starts decreasing. 
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When the lever ratio is over its optimum value, the displacement tends to decrease 

gradually. The detail values for each parameter used to plot Fig. 4.4 are listed in Table 

4.2. From this observation, it is desirable to find the optimum number of beams (n) and 

the lever ratio. It is difficult to increase the number of beams and the lever ratio due to the 

limited space in the X-stage. In this chapter, the beam number of 15 and 1:11 lever ratio 

are selected for the X-stage design. As a result the ideal displacement is expected to reach 

up to 115 μm at the motion platform based on equation (4.14). But this can be limited by 

other components including the actuator and the rotational flexure hinge.  

 

Figure 4.4: The expected maximum displacement with various lever ratios and beam numbers(n) 

4.4 The analytic analysis for the electrothermal actuator 

In the previous sections, the stiffness of the motion platform and the lever are analyzed. 

These components can be regarded as an external mechanical load for the actuator to 

move. In this section, the actuator is discussed for maximizing its displacement. The 
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actuator selected for this study is a traditional bent-beam type electrothermal actuator for 

its large force and linear motion. 

The main design parameters for the bent-beam type electrothermal actuator are a 

beam length (L), a beam width (W), a beam angle (θ), a number of beams (n), and a beam 

thickness (T). These parameters are illustrated in Fig. 4.5. The thermal expansion of each 

beam produces a displacement along its shaft as indicated by the arrow in Fig. 4.5 with 

the symmetric layout of the beams. 

 

Figure 4.5: the design parameters engaged in the adapted electrothermal actuator 

The design constraints for this actuator are described below; 

(1) The beam thickness (T) is limited by the commercially available wafer, because it 

is difficult to control the thickness over the wafer within acceptable ranges.  

(2) The total footprint of the X-stage should be smaller than 10 mm x 10 mm. 

(3) The beam length (L) is limited by the length of the link or the lever (L1) in Fig. 

4.1. Longer beam length is favorable at generating a longer motion, but it is 

limited by the allowable footprint described in (2). Additionally, if the beam 

length L is longer than the lever length L1, then the actuator becomes bigger than 
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the motion platform. In this case, unnecessary area around the motion platform is 

expected. Thus, the beam length L is set to be less than or equal to the link or the 

lever length L1 for utilizing the whole area given to the X-stage.  

(4) The beam width (W) should be smaller than the beam thickness (T) to avoid any 

out-of-plane bending or buckling prior to in-plane motion. If not, the out-of-plane 

motion is expected to occur rather than the in-plane motion.  

(5) All parameters should be larger than 110 % of the beam thickness (T.) Bosch 

deep reactive ion etching (DRIE) process [21] recommends the 1:10 high-aspect 

ratio for a reliable operation. Although it is possible to build higher than 1:10 

high-aspect ratio, this can result in a poor vertical profile or an unstable etching 

rate. 

(6) The beam length (L) should be much longer than the beam width (W) to avoid 

any meaningless design. 

Based on the design constraints above, the analytic relationships have been 

derived based on several previous studies. The stiffness of the electrothermal actuator can 

be build based on its chevron type shape and be expressed as [53]: 

                                 𝐾act = 2 (sin2𝜃 + cos2𝜃
12𝐼

𝐴𝐿2)
𝐸𝑊𝑇

𝐿
                                          (4.15) 

where E is the Young’s modulus of silicon and, I is the area moment of inertia and A is 

the cross-sectional area of the beam. Equation (4.15) demonstrates more accurate results 

when the beam angle (𝜃) is larger than 10 degrees. With this stiffness, the force generated 

by the electrothermal actuator can be described from classic thermal strain [44] and 

expressed as: 
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                               𝐹act = 2𝛼∆𝑇ave𝐸𝑊𝑇sin𝜃                                                           (4.16) 

The stiffness of the motion platform can also be represented as a combination of the 

compliance of the flexures in equation (4.1) as: 

                                        𝐾plat =
𝑚

𝐿1
2𝐶𝑧

                                                                        (4.17) 

where L1 is the long side length of the link or the lever and m is the total number of 

flexure hinges connected to the motion platform. 

The equations (4.15), (4.16), and (4.17) explain the three parameters described in 

the lumped parameter model in Fig. 3.1(c). The displacement of the motion platform can 

be expressed as a function of the three parameters in Fig. 3.1(c) as: 

                     𝑈𝑝𝑙𝑎𝑡 = (
𝐿1

𝐿2
)

2𝛼𝑛𝐸𝑊𝑇sin𝜃

3𝑘𝜌{2(sin2𝜃+cos2𝜃
12𝐼

𝐴𝐿2)
𝐸𝐴

𝐿
+(

𝐿1
𝐿2

)
2 𝑚

𝐿1
2𝐶𝑧

}

𝑉2                                (4.18) 

From equation (4.18), the expected displacement of the motion platform is described as a 

function of the engaged design parameter. Here, equation (4.18) is based on the 

assumption that some parameters are constant independent of temperature and structural 

or thermal constraints such as buckling or thermal melting down are excluded. With these 

properties, the maximum displacement of the motion platform can be numerically 

obtained in the following section.  

4.5 Design constraint: buckling 

The buckling of the beams in the actuator should be taken into consideration for 

the actuator design. When the buckling occurs, some portion of the force generated by the 

actuator spends on deforming the actuator beams itself and results in poor performance in 
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its range of motion. The boundary condition of the bent-beam type electrothermal 

actuator is that one end of the beam is connected to a fixed end and the other is connected 

to sliding guide or a central shaft [53]. With this boundary condition, the critical buckling 

load can be derived [141] as: 

                                          𝑃buckling =
𝜋2𝐸𝐼

𝐿2 sin𝜃                                                  (4.19) 

where Pbuckling is the maximum buckling load that a single beam can withstand. The 

maximum force of the electrothermal actuator cannot over the summation of the critical 

buckling load of each beam. Based on the bent-beam geometries in the actuator, the 

maximum force from the actuator can be expressed as: 

                                               𝐹thrust = 2𝑛𝑃bucklingsin𝜃                                        (4.20) 

In this study, equation (4.20) is used as a criterion to determine the beam condition and 

the maximum force. From equations (4.16) and (4.20), the beam width (W) can be 

expressed as a function of the other design parameters: 

                                                      𝑊 ≥  √
12𝛼∆𝑇𝑎𝑣𝑒

𝑛𝜋2 𝐿                                                  (4.21) 

When the beam length (L) is 1 mm, equation (4.21) recommends that the beam width (W) 

should be wider than 9.9 μm. With this dimension, buckling can be prevented before the 

actuator generates its maximum force.  

In addition to this buckling property, the beam width (W) should be narrower than 

the beam thickness (T) to prevent any out-of-plane buckling from occurring prior to the 

in-plane buckling.  
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4.6 Design constraint: thermal melting down 

The maximum allowable temperature of the electrothermal actuator is also another 

important factor to consider in a design level, since the electrothermal actuator is based 

on Joule heating of the beams. Higher temperature over its limit can cause serious 

structural damage or permanent deformation. For this reason, the heat transfer of the 

actuator is briefly analyzed in this section to figure out its effect on the actuator. For 

simplicity, the conduction is only considered. In this case, the temperature distribution 

along the beam can be expressed by the classic heat transfer equation [52] as:  

                               𝑘
𝑑2𝑇

𝑑𝑥2 + (
𝑉

𝜌𝐿
)

2

𝜌 = 0   𝑓𝑜𝑟 − 𝐿 ≤ 𝑥 ≤ 𝐿                                   (4.22) 

The general solution for equation (4.22) will be: 

                           ∆𝑇 = −
𝐽2𝜌

2𝑘
(𝑥 − 𝐿)(𝑥 + 𝐿) 𝑓𝑜𝑟 − 𝐿 ≤ 𝑥 ≤ 𝐿                             (4.23) 

where V is an applied voltage, 𝑘 is the thermal conductivity, and 𝜌 is the resistivity of 

silicon. The resistivity of silicon (𝜌) is an important property and can be expressed as a 

function of the temperature. The resistivity of the silicon is manually measured with three 

different temperature points and interpolated to be used in equation (4.23) as: 

                   𝜌 = −5x10 − 5(Ω − m/V)V + 0.0004(Ω − m)                            (4.24) 

The measured resistivity tends to increase with a rising temperature. This pattern 

indicates that the displacement increment rate reduces as the temperature rises. Equation 

(4.24) is utilized in Finite Element Analysis (FEA). The average of the measured 
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resistivity is 0.000275 Ωm, which is used in equation (4.23). The solution of equation 

(4.24) shows the temperature rise in the beam as:  

                      Δ𝑇ave = ∫
∆𝑇(𝑥)

2𝐿

𝐿

−𝐿
𝑑𝑥 =

𝑉2

3𝑘𝜌
                                                       (4.25) 

Where Δ𝑇ave  is the average temperature rise in the beam, which is proportional to 

square of the driving voltage. The maximum temperature rise Δ𝑇max in the beam can be 

expressed as a function of Δ𝑇ave  as: 

                  ∆𝑇max =
𝑉2

2𝑘𝜌
=

3

2
Δ𝑇ave < 530ºC                                                (4.26) 

This Δ𝑇max from a room temperature of 20 ºC should not exceed 530 ºC to prevent any 

thermal issues [??].  

4.7 The optimization process for the displacement of the X-stage 

Based on the analyses in the previous sections, the X-stage is optimized to increase its 

range of motion with the given footprint. For this purpose, an objective function Jobj, is 

defined as: 

                       𝐽obj =
1

∆𝑈plat
                                                                         (4.27) 

where ∆𝑈plat  represents the displacement of the moving platform and can be 

expressed as a function of the engaged design parameters in the previous sections. The 

objective function Jobj will be minimized during the optimization process, which 

physically means maximizing the displacement of the motion platform. The optimization 

process evaluates Hessian gradient of the objective function and sets up a new conjugate 
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direction for the updated parameters [142]. During this process, all the design parameters 

will be updated iteratively. The details in the optimization procedure are described below: 

(1) Set up the range of each design parameter. The mean value in this range is 

automatically set as an initial value. 

(2) Δ𝑇ave is obtained from equation (4.25) with current design parameters. 

(3) ∆𝑈plat is calculated from equation (4.18), with the temperature obtained in step 

(2). 

(4) The maximum force is also calculated from equation (4.16) and check if this is 

less than the critical buckling load from equation (4.20). 

(5) When the objective function reaches its minimum within the user-defined 

tolerance, the optimization process is terminated. If not, proceed to step (6). 

(6) A numerical sensitivity analysis is performed to get the gradient function, then a 

new set of the undetermined design parameters will be obtained and then go back 

to step (2). 

For this optimization process, the design constraints used in this process are also defined 

and described below: 

(1) The maximum temperature rise that the electrothermal actuator can endure is less 

than 530 ℃, which will be monitored with equation (4.26). 

(2) The X-stage is designed to generate an in-plane motion, so out-of-plane buckling 

should be avoided. This constraint is described in equation (4.23).  

(3) The maximum force generated by the electrothermal actuator should be less than 

its maximum buckling load. This constraint can be monitored by equation (4.21).  
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(4) The beam length (L) is larger than the beam width (W) or thickness (T). This 

constraint avoids any unexpected results for the bent-beam type electrothermal 

actuator. 

(5) The beam length (L) range is limited not to be longer than the motion platform 

width of 2000 μm, so each beam length (L) in the actuator is less than 1000 μm.  

(6) The beam angle (θ) range is set between 3° and 7°, which are values reported in 

previous literatures.  

(7) The beam thickness (T) is determined by the commercially available SOI wafers 

with 30 μm thickness.   

The design parameters and their range are listed in Table 4.1. The optimization 

processing is implemented in MATLAB [142] and the optimized values are listed in the 

Table 4.2. With the optimized values listed in Table 4.2, at least 60 μm range of motion 

will be expected under the constraints including thermal and structural limits. 

Table 4.2: The dimensional range of the design parameters 

Symbol Design parameter Initial Range 

W Width of beam 10 ~ 30 μm 

𝜽  Angle of the bent-beam 0.05 ~ 0.12 rad 

L Length of beam 600 ~ 1000 μm 

T Thickness of beam 30 μm 

 

The material properties used in this optimization process are assumed constant 

and independent of temperature. This can make the analytic equations simple, but be a 
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source causing experimental errors. In order to overcome this limit, the candidate model 

in the optimization process is verified through the FEA in the following section. 

Table 4.3: The dimensional range of the design parameters 

Symbol Design parameter Values 

W Actuator beam width 22.3 μm 

θ  Actuator beam angle 0.068 rad 

L Actuator beam length 1000 μm 

T Actuator beam thickness 30 μm 

n Number of beams in actuator 15 

L1 Link length 1000 μm 

L2 Short link length 100 μm 

m Links connected to the platform 8 

t Flexure hinge neck width  7 μm 

b Flexure hinge width  87 μm 

R Flexure hinge radius of curvature  40 μm 

ΔTave Actuator average temperature < 530 ℃ 

ΔTmax Actuator maximum temperature < 530 ℃ 

Uplat Platform displacement > 50 μm 

Kact Actuator stiffness with a single beam 889.16 N/m 

Kplat Platform stiffness without the levers 46.28 N/m 

Fact,max 
Maximum generated force by the 

actuator with 15 beams 
125.3 mN  

4.8 Finite element analysis (FEA) 

A series of Finite Element Analysis (FEA) in ANSYS [135] is utilized to verify the X-

stage based on the optimized design parameters obtained from the previous sections. The 

material properties used in the FEA are listed in Table 3.3.  
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This simulation includes electrical, thermal, and structural analyses; an electrical 

potential difference is applied to both ends of an electrothermal actuator. Due the 

resistance of the beam, Joule heating occurs, which results in temperature rise in the 

actuator. This leads to the thermal expansion of the beam, which is the main source to 

thrust the motion platform.  

The boundary conditions applied to this simulation are; (a) there is no electrical 

connection except the actuator. (b) All the ends of the flexure hinges and both ends of the 

actuator are firmly fixed during the simulation and assumed to be connected to a heat 

sink with a room temperature of 20 ºC. (c) Among heat transfer methods, conduction and 

natural convection are considered. (d) No adjacent objects are included in the simulation 

such as a packaging chip or electric wires.  

 

 

Figure 4.6: The calculated displacement of the motion platform with the excitation of the 

temperature rise of 530 ºC (in μm unit) 
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(a) 

 

 

(b) 

Figure 4.7: The calculated stress distribution over the X-stage; (a) von Mises stress distribution 

over the stage; (b) von Mises stress distribution near the flexure hinge (in MPa unit) 

 

Figure 4.6 shows the simulation result of the displacements of the X-stage 

corresponding to the temperature rise of 530 ºC. The result shows that the X-stage is 

expected to move the motion platform up to 43.2 μm. During this movement, the 



114 
 

simulation calculates the maximum von Mises stress on the X-stage, which is less than 

1.05 GPa and shown in Fig. 4.7(a). This stress distribution shows that most deformation 

occurs near the flexure hinges as expected and there is no deformation in the motion 

platform. The zoom-in view of the flexure hinge is in Fig. 4.7(b) showing the thinnest 

width area is under the maximum stress. These values are still less than the yield strength 

of silicon of 7 GPa indicating that no structural failure is expected with this flexure hinge 

design during the operation.  

4.9 Experimental results 

The fabrication process for the X-stage follows the same used in the XY-stage in chapter 

4. A 30 μm thick device layer is used for the main device structures and a 400 μm thick 

handle layer is utilized as a backside frame. A 2 μm thick buried oxide layer is placed 

between the two silicon layers. The whole process follows Silicon-On-Insulator Multi-

User Multi-Processes (SOIMUMPs) [39]. After SOIMUMPs, buffered hydrofluoric acid 

(B.H.F.) is applied to release the movable structures.  

After the fabrication, an X-stage is fabricated and shown in Fig. 4.8. Figure 4.8(a) 

is the frontal full view of the X-stage composed of an actuator, four links and a motion 

platform. The motion platform has five circular shapes for future applications. The 

detailed image of the flexure hinge is in Fig. 4.8(b).  
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(a) 

 

(b) 

Figure 4.8: The optical microscopic images of the MEMS based X-stage: (a) a full view of the 

fabricated X-stage; (b) a closed view of the flexure hinge  

 

4.9.1 The range of motion of the MEMS X-stage  

The fabricated X-stage is experimentally tested for its maximum motion range 

and frequency response. For these experiments, two metal pads near the actuator are 

electrically connected to a DC power supply units (Model 3322A from Agilent) which 

controls the driving voltages. The motion corresponding to the input voltage is measured 

by an optical profiler (VEECO NT1100 [137]). The measured data through this profile is 

plotted in Fig. 4.9. The displacement of the X-stage is larger than 50 μm with the voltage 



116 
 

less than 5.0 V indicating that the electric power around 200 mW is required to generate 

at least 50 μm displacements. Since any mechanical failure has not been observed during 

this operation, the expected maximum displacement of the X-stage is larger than 50 μm.  

 

Figure 4.9: The experimentally measured displacement of fabricated X-stages 

 

4.9.2 The frequency response  

The frequency response of the X-stage is also measured experimentally while the actuator 

is in operation. This frequency response is detected through an Agilent Fast-Fourier-

Transform (FFT) analyzer [143]. More details on the experimental set-ups for this 

measurement are explained in Gorman. et Al. [119]. The 1
st
 resonance frequency of the X 

stage occurred at 705 Hz as shown in Fig. 4.10(a). At the low frequency less than 100 Hz, 

the frequency response shows a slow decrement. This property indicates that the 

electrothermal actuator is stable at a low-speed operation less than 10 Hz. Near 1 kHz 

frequency range, a rocking mode is observed from Fig. 4.10(b).  
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(a) 

 

(b) 

Figure 4.10: Frequency response of the X-stage; (a) magnitude (in dB); (b) phase (in degree) 

 

4.10 Summary 

The design, fabrication, and testing of a MEMS based X-stage is presented for the 

displacement larger than 50 µm. The presented X-stage is designed to be used as a base 

material for the XY-stage in Chapter 5 and the XYZ-stage in Chapter 7 for their in-plane 

motions. For this purpose, the presented X-stage adopts (1) the optimized bent-beam type 

electrothermal actuator under external mechanical loads including levers and a motion 

platform, (2) a motion platform is introduced for the nested structure in Chapter 5, which 

is also big enough to embed one X-stage, (3) the optimum lever ratio is studied under a 
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given environment, and (4) electrical isolation is also tested for the XY-stage between the 

actuator and the motion platform. Through these procedures, the presented X-stage is 

able to generate up to 50 µm without any permanent damage. Compared with previous 

motion stage, the presented stage has advantages in its large motion platform and well 

optimized actuator and levers for more than 50 µm. During this design process, the 

structural and electrical requirements of the X-stage are studied for the nested structure in 

the following chapters. 
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Chapter 5 MEMS-based in-plane 2-DOF motion stage  

In this chapter
2
, we present a MEMS-based in-plane 2-DOFs motion stages based on the 

1-DOF motion stage described in Chapter 4. In micro-electro-mechanical systems 

(MEMS) it is difficult to obtain large range of motion with a small coupled error. This 

limitation can be overcome by implementing a nested structure which is a kind of a serial 

kinematic mechanism (SKM). This XY stage is built by embedding a single degree-of-

freedom (DOF) stage into another identical stage with a different orientation. This XY-

stage has a capability to generate more than 50 μm displacements along each X and Y 

axes with the coupled motion error less than 0.6 %. This nested structure approach is also 

helpful at suppressing the coupled motion error. With the presented XY stage, multi-

finger manipulation is demonstrated in this chapter. For the micro-particle manipulation, 

a 14.8 μm sized polypropylene particle is manipulated and rotated by two individual 

fingers extruded from two XY-stages.  

5.1 Introduction 

A precision-positioning stage is capable of moving an end-effector in its work space 

to a desired position precisely within allowable degrees-of-freedom (DOF). The end-

effector is a last end of the positioning stage and interacts with external applications or 

environment. The stage can be evaluated by basic features such as range of motion, 

coupled motion error and resolution. Various stage designs have been investigated to 

achieve longer range of motion with acceptable coupled motion error based on a 

reasonable stage size [131]. Micro-electro-mechanical system (MEMS) approaches have 

a great advantage in small footprint, which then increases an integration capability to 

external applications [25]. Hence, MEMS positioning stages have been widely used in 

3
 The work in this chapter is derived from the published work in [33, 125] 
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many applications such as optical systems [8,9], atomic force microscopes (AFM) [17], 

nano-manufacturing assembly [13,14]. 

The basic issue of a MEMS-based XY-stage is to increase the range of motion for 

one DOF without disturbing the other DOF (called a coupled motion error). Various 

approaches have been tried to improve in-plane 2 DOF in the stage design using existing 

MEMS fabrication techniques. One simple approach is to align two actuators along X and 

Y axes and then connecting their ends directly [34], which is the simplest implementation 

of a parallel kinematic mechanism (PKM). But this results in a reduction of motions 

down to 17 μm x 11 μm and an increase in the coupled error between the actuators. To 

overcome the coupled motion error, accurate mathematical kinematic model or additional 

kinematic features are necessary to compensate this error. However, generally the 

kinematics model of PKM is nonlinear and difficult to analyze, so additional features are 

required for this based on applications and environments. One reliable compensating 

structure in PKM is a combination of a parallel four-bar chain and a leaf spring. This 

combination can reduce the unwanted motions such as rotations at the end-effector or 

coupled motion errors [29,32]. However, the parallel chain increases the total stiffness 

and the leaf springs loosen the connection between an actuator and an end-effector. These 

features result in a shorter range of motion at last.  

A serial kinematic mechanism (SKM) is an alternative approach for PKM [144], 

where each link is connected to two neighboring links only like robotic arms. In this 

approach, the final displacement of the end-effector can be expressed by the 

accumulation of the motion by each moving component. Since there are no mechanical 

coupled structures between specified DOFs, each actuator in a SKM is expected to 
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generate its original range of motion with acceptable coupled motion error, once the 

SKM is well implemented. Compared with PKMs, SKMs have; (a) easy-to-solve forward 

kinematics, (b) high dexterity, and (c) no reduction in range of motion when multiple 

actuators are combined [131]. However, the implementation of SKMs in MEMS is a 

challenge, because stacking up of single DOF stages requires structures in height, which 

is difficult to implement with planar design approach. Moreover, electrical access to each 

moving component without disturbing the others should be taken into consideration. 

Other important features in MEMS stages are flexure hinges and actuators. Flexure 

hinges have been used in various MEMS applications [14,32,131,145], because they are 

free of backlash and also compatible with a monolithic design. About the MEMS-based 

actuators, electrostatic [29,32], electromagnetic [100] and electrothermal actuators [44] 

have been commonly used for positioning the end-effector. Among them, electrothermal 

actuators can generate mN level force, which is stronger than the other actuators. A large 

force or large displacement are key parameters to characterize motion stages, so the 

design process to optimize them is common and the appropriate selection of an actuator 

plays an important role in this design process.  

This chapter focuses on the design, fabrication and test of an MEMS-based XY-

stage, whose implementation is based on a nested structure or a SKM. The SKM is 

realized by embedding a single DOF stage into the other. With this approach, the end-

effect can generate 2 DOF in-plane motions. In this study, the single DOF stage is chosen 

from conventional motion stage designs and then modified for large motion more than 50 

μm. For a successful implementation of SKM, additional features are investigated and 

also implemented in the following section. The kinematic design of the stage, the finite 
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element analysis results, fabrication process and the experimental results are also 

discussed in an order. 

5.2 Design of the XY-stage 

The proposed XY-stage is composed of two single DOF stages. In the XY stage, one 

single DOF stage is aligned to the X axis (called an X-stage) and the other is aligned 

along the Y axis (called a Y-stage) as shown in Fig. 5.1(a), where the arrows indicate the 

direction of the actuators motion. The X stage is designed to correspond to the X axis 

motion of the end-effector and the Y stage is to the Y axis motion. The Y stage is fully 

embedded into the X-stage for the XY-stage, where the Y-stage is fully isolated from the 

X-stage to guarantee its own motions and minimize a coupled motion error. The end-

effector will be the motion platform of the Y-stage in the XY-stage and is linked to a 

fixed ground through the neighboring Y-stage and the X-stage in an order.  

The chosen single DOF stages is made up of an actuator, a motion platform and four 

mechanical links as shown in Fig. 5.1(b) [44]. The white circles in Fig. 5.1(a) and 5.1(b) 

represent flexure hinges, which are compliant mechanism and operate as joints and solid 

lines stand for the mechanical links connecting the actuator to the motion platform. 

Among four mechanical links, two links are designed to operate as a lever to convert 

some portion of the force from the actuator into the displacement of the motion platform 

to increase its displacement.  The lever ratio can be controlled by adjusting L1 and L2 and 

the optimum lever ratio between the actuator and the motion platform. Due to the lever, 

the motion direction of the motion platform is opposite to the motion of the actuator as 

shown in Fig. 5.1(b). 
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(a) 

                               

                                                   (b)                                                               (c) 

Figure 5.1: The schematic diagrams of the XY stage; (a) the nested structure; (b) the expected 

behavior of the chosen single DOF stage; (c) the free body diagram of the single DOF stage in (b) 

 

The single DOF stage is composed of an actuator, levers and a motion platform and 

their relationship is represented in Fig. 5.1(c), where Kact and Kplat stand for the stiffness 

of the actuator and the platform, respectively, and Fact is the force generated by the 

actuator. Based on this diagram, the expected displacement of the platform can be 

expressed as: 
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𝑈𝑝𝑙𝑎𝑡 = (
𝐿1

𝐿2
) 𝑈act = (

𝐿1

𝐿2
)

𝐹𝑎𝑐𝑡

𝐾act+𝐾plat
                                             (5.1) 

where, Uact and Uplat stand for the displacement of the actuator and the platform, 

respectively. Each term in equation (5.1) is analyzed in following sections.  

5.2.1 The MEMS design of the SKM  

The implementation of the XY stage requires a few additional features to minimize 

side-effects such as a coupled motion error; (i) the two single DOF stages should be 

electrically isolated. Otherwise, the electric leaking from one actuator can exacerbate the 

coupled motion error between them. (ii) The Y-stage needs an appropriate electrical 

connection from outside. It is necessary to have an electric connection to control the Y-

stage. However, an inappropriate connection such as conventional wire-bonding can 

damage floating components in the Y-stage. Moreover, wrong wiring or faulty 

connection can distort the desired motion due to the stiffness of the wire itself. (iii) Both 

ends of electrothermal actuator in the Y stage and four links should be firmly fixed on the 

Y-stage during its operation. Otherwise the force generated by the actuator cannot be 

transferred to the motion platform efficiently and the levers are also difficult to perform 

their operation properly.  

In order to implement the features described above, a dual layer structure was 

adopted, which was implemented by utilizing both sides of silicon-on-insulator (SOI) 

wafers. The SOI wafers consist of three layers; a top silicon layer (called device layer), a 

substrate silicon layer (called handle layer) and a buried oxide layer between them. With 

SOI wafers, the separated structures in the device layer can hold their positions by 

connecting them in the device layer. Due to the buried oxide layer between them, the 
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gaps operate as electrical and thermal insulation. In addition, this additional feature in the 

device layer increases the stiffness, which can be used to hold both ends of the actuator. 

Based on this approach, electrical isolation and additional stiffness can be applied by 

adding structures in the handle layer.  

 

(a) 

 

(b) 

Figure 5.2: SEM images of the SKM XY-stage: (a) a full view of the fabricated XY stage; (b) a 

backside frame to hold the Y stage and two connecting blocks for electric isolation 
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The proposed XY stage is fabricated with SOI-MUMPs and the scanning electron 

microscope (SEM) images are shown in Fig. 5. Fig. 5.2(a) is for the top side of the XY-

stage and bright grey area is for the metal layer and grey area is for silicon itself. The 

physical gaps for electrical isolation are in yellow boxes in Fig. 5.2(a), which are 

supported by the connecting blocks in yellow boxes in Fig. 5.2(b). These physical gaps 

work as both electric isolation and thermal insulation of the Y-stage from the X-stage. 

There physical gaps surround the whole electric path to the Y-stage as shown in the 

yellow dotted lines in Fig. 5.2(a). Some of the gaps are held by the connecting blocks and 

some are by the supporting frame which is shown in red box in Fig. 5.2(b). This 

supporting frame also plays an important role in holding both ends of the actuator in the 

Y-stage and the ends of four links.  

 

Figure 5.3: SEM images of the electric path over the flexure hinge 

 

For the electrical connection to the Y-stage, a thick metal layer is deposited from 

the actuator of the Y-stage to an outside metal pad available for conventional wire 

bonding. This embedded electric path goes over the levers and flexures and one SEM 

image is shown in Fig. 5.3. This metal layer consists of 20 nm thickness Chrome, 1.8 µm 
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thickness Cupper, 100 nm Titanium and 0.2 µm thickness Gold. The total thickness will 

be 2 µm thick. This is because the embedded electric path is relatively long so its total 

electric resistance can be minimized with this thickness. With this electric connection, the 

metal lines of the Y-stage can be extruded to a firm ground where conventional wire 

bonding is available.                      

5.2.2 The mathematical analysis for the chosen single DOF stage 

 The old version of the single DOF stage has a maximum displacement of 12 μm 

and a resolution of 12 nm [44], which is not enough at manipulation of micro particles. 

For longer range of motion, design of the single DOF stage needs to be modified. One of 

advantages of a SKM is that all components except interfaces to adjacent components can 

be modified without redesigning whole SKM. As the coupled motion error can be 

decreased by adapting a SKM as described in the previous section, enough range of 

motion can be achieved by modifying the single DOF stage separately. Analytic 

relationships were developed in this section and design parameters were modified. 

5.2.2.1 The electrothermal actuator 

Figure 5.4(a) shows the schematic diagram of the electrothermal actuator adapted in 

the X-stage. This actuator is also known for a bent-beam electrothermal actuator or a 

chevron type actuator for its shape. When the beams of the actuator are thermally 

expanded, the bent angle guides the thermally expanded beams to generate one 

directional force, Fact along its central shaft. 
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(a) 

 

(b) 

Figure 5.4: The schematic diagrams of the actuator and the rotational flexure; (a) the 

electrothermal actuator; (b) the flexure hinge compliant mechanism (t: flexure neck width, R: 

radius of curvature, b: flexure width) 

 

The main design parameters in the actuator are; beam length (L), beam width (W), 

bent beam angle (θ), number of beams (n), and beam thickness (T). These five design 

parameters are described in Fig. 5.4(a). For large force or displacement, these design 

parameters are analyzed and optimized in this chapter. With analytic relationships among 

the design parameters engaged, there are also several design constrains; (a) beam 

thickness (T) is predefined by the thickness of wafers purchased for this fabrication. This 

is because it is difficult to have good uniformity over the whole wafer during its 

fabrication. (b) Beam length (L) is limited by the size of the motion platform. A longer 



129 
 

beam length (L) is favorable for a longer range of motion, but the actuator will be longer 

than the motion platform when beam length (L) is longer. This can result in unnecessary 

area around the motion platform. Therefore, beam length (L) is set to be equal to or less 

than the half of the width of the motion platform. (c) Number of beam (n) is a 

discontinuous variable. This parameter is associated with the stiffness of the actuator and 

lever ratio and will be analyzed separately from the others four parameters. (d) Beam 

width (W) should be smaller than beam thickness (T) to avoid any out-of-plane bending 

or buckling prior to in-plane motion. (e) All parameters should be greater than 10 % of 

beam thickness (T) due to the 1:10 high-aspect ratio from the Bosch
1
 deep reactive ion 

etching (DRIE) process [39]. Now 1:20 or higher ratio becomes available with Bosch 

process, but the whole design will be analyzed in a conservative approach in this chapter.  

With the design parameters mentioned above, several analytic relationships are 

derived. The stiffness of the electrothermal actuator, Kact in equation (5.1) can be 

expressed with engaged design parameters [53] as: 

                 𝐾act = 2𝑛 (sin2𝜃 + cos2𝜃
12𝐼

𝑊𝑇𝐿2)
𝐸𝑊𝑇

𝐿
                                                            (5.2) 

where E is the Young’s modulus of silicon, and I is the area moment of inertia. The force 

generated by the actuator is calculated from thermal stress as: 

                         𝐹act = 2𝛼𝑛∆𝑇ave𝐸𝑊𝑇sin𝜃                                                                    (5.3) 

where, 𝛼  is the coefficient of thermal expansion of silicon and ∆𝑇ave  is the average 

temperature rise in the whole beams of the actuator. 
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5.2.2.2 The flexure hinge design 

The motion platform is supported by four links where the rotational flexure hinges shown 

in Fig. 5.4(b) play an important role in characterizing the motion platform. The flexure 

hinges are compliant mechanisms transmitting rotational motions via their elastic 

deformation. In this case, the stiffness of the platform Kplat can be expressed with the 

combination of the compliance of the flexure hinges and the lever ratio as: 

𝐾plat =
𝑚

𝐿1
2𝐶𝑧

                                                                    (5.4) 

where, m is a number of flexure hinges, L1 is the link lengths shown in Figure 5.1(b), and 

Cz is its angular compliance about the Z axis of the flexure hinge [139]. A narrower 

flexure neck width (t) leads to higher Cz which is a design favorable for longer 

displacements, but this also makes the flexure hinges vulnerable to external vibration or 

noise during its fabrication. On considering the fabrication yields and stiffness of the 

flexure hinges, the flexure neck width (t) of 7 μm is chosen for its reliability at fabrication 

and reasonable performance. The flexure hinge thickness (T) was set to be 30 μm, which 

is consistent with the thickness of SOI wafer used. The radius of curvature (R) is set to be 

40 μm under available area for flexures. With this design, the flexure width (b) is 

automatically obtained from the equation; b = 2R + t. With these determined parameters, 

equation (5.4) predicts that the rotational stiffness of the selected flexure hinge design 

and the linear stiffness of the platform, Kplat are 7.52 Nm/μrad and 46.28 N/m, 

respectively. 
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5.2.2.3 The lever ratio and the number of beams 

The schematic diagram of the lever, the actuator and the platform is shown in Fig. 

5.5(a). The force equilibrium equation can be expressed in Chapter 4 from the given lever 

mechanism as: 

(
𝐿1

𝐿2
)

2

𝐾plat𝑈act = 𝑛𝐹act − 𝐾act𝑈act                                                     (5.5) 

 

(a) 

 

(b) 

Figure 5.5: the lever mechanism adapted in the XY-stage: (a) schematic diagram; (b) maximum 

elastic displacement via lever ratio 

 

Where, L1 is the link outside in the lever and L2 is the link inside in the lever, Uact is 

the displacement of the actuator, Fact is the force from the actuator with a single beam. In 

this case, L1/L2 will be a lever ratio and nFact will be the total force the actuator can 

n 
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produce. Equation (5.5) can be rearranged and expressed for the displacement of the 

actuator as:  

𝑈act =
𝑛𝐹act

(
𝐿1
𝐿2

)
2

𝐾plat+𝐾act

                                                           (5.6)  

With equation (5.6), Uplat can also be expressed as:  

𝑈plat = (
𝐿1

𝐿2
) 𝑈act = (

𝐿1

𝐿2
)

𝑛𝐹act

(
𝐿1
𝐿2

)
2

𝐾plat+𝐾act

                                 (5.7) 

Based on equation (5.7), the effect of different beam numbers (n) and various lever ratios 

(L1/L2) can be obtained. With five different beam numbers, the expected displacements 

are calculated and plotted in Fig. 5.5(b). In Fig. 5.5(b), Kact can be obtained from 

equation (5.2) based on a maximum allowable temperature, Fact comes from equation 

(5.3), and Kplat from equation (5.4) with the design parameters listed in Table 5.1. Fig. 

5.5(b) indicates that the increase in the number of beams results in an increase in the 

range of motion. Further, different numbers of beams have their own optimum lever ratio 

for its maximum output displacement. However, with a limited space for the 

XY-stage, it is difficult to increase the number of beams to more than 15. Thus 15 beams 

are selected for the XY-stage design and 1:10 lever ratio is also selected for its optimum 

ratio. As a result, a displacement of 115 μm is possible at the motion platform based on 

equation (5.7). But this can be limited by other design constraints such as material and 

structural issues, which will be investigated in the following section. 
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5.2.3 Design constraints; thermal melting and buckling 

The XY-stage is made of silicon, so its structural limits depend on silicon as well. Based 

on various literature review, the maximum temperature of the electrothermal actuator 

should be below 550 ºC for reliable operations [61]. Based on pure thermal conduction, 

the temperature distribution along the beam can be expressed [52] as: 

𝑘
𝑑2𝑇

𝑑𝑥2
+ (

𝑉

𝜌𝐿
)

2

𝜌 = 0   𝑓𝑜𝑟 − 𝐿 ≤ 𝑥 ≤ 𝐿                                        (5.8) 

The solution for equation (5.8) will be: 

𝛥𝑇(𝑥) =
𝑉2

2𝑘𝜌𝐿2
(𝐿2 − 𝑥2)  𝑓𝑜𝑟 − 𝐿 ≤ 𝑥 ≤ 𝐿                                (5.9) 

where V is an voltage applied to an actuator, 𝑘 is the thermal conductivity, and 𝜌 is the 

resistivity of silicon. The resistivity (ρ) varies with the applied voltage since the applied 

voltage raises the temperature of the electrothermal actuator with its Joule heating. The 

measured resistivity as function of the applied voltage was: 𝜌  =-5x10
-

5
(Ωm/V)V+0.0004(Ω-m). The temperature ranges from 20 ºC to 550 ºC and the average 

value of the measured resistivity is 0.000275 Ω-m. The maximum temperature change 

ΔTmax, and the average temperature change ΔTave of the electrothermal actuator can be 

derived from equation (5.9) as: 

Δ𝑇ave = ∫
∆𝑇(𝑥)

2𝐿

𝐿

−𝐿
𝑑𝑥 =

𝑉2

3𝑘𝜌
                                            (5.10) 

∆𝑇max =
𝑉2

2𝑘𝜌
=

3

2
Δ𝑇ave < 530ºC                                   (5.11) 
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As described in equation (5.11), the maximum allowable temperature change, ΔTmax 

will be less than 530 ºC to prevent any thermal issues. This is because a room 

temperature is assumed as 20 ºC. Based on equation (5.11) and appropriate doping for the 

resistivity of silicon, the applied voltage (V) can be adjusted to be less than 10 V. 

Table 5.1: The dimensional range of the design parameters 

Symbol Design parameter Values 

W Actuator beam width 22.3 μm 

θ Actuator beam angle 0.068 rad 

L Actuator beam length 1000 μm 

T Actuator beam thickness 30 μm 

n Number of beams in actuator 15 

L1 Link length 1000 μm 

L2 Short link length 100 μm 

m Links connected to the platform 8 

t Flexure hinge neck width 7 μm 

b Flexure hinge width 87 μm 

R Flexure hinge radius of curvature 40 μm 

ΔTave Actuator average temperature < 550 ℃ 

ΔTmax Actuator maximum temperature < 550 ℃ 

Uplat Platform displacement > 50 μm 

Kact Actuator stiffness with a single beam 889.16 N/m 

Kplat Platform stiffness without the levers 46.28 N/m 

Fact,max 
Maximum generated force by the actuator with 15 

beams 
125.3 mN 

Another design constraint to investigate is buckling of the beam in the actuator, 

because these long slender beams are vulnerable at buckling when its load is over its 
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critical buckling load. When the buckling occurs, the force generated by the actuator 

starts decreasing because some portion of force will be consumed as a form of 

deformation of the actuator beams. The boundary condition of the bent-beam type 

electrothermal actuator is fixed-sliding ends [53]. The maximum buckling load based on 

this boundary condition will be [141]: 

𝐹act ≤  𝐹buckling = 2𝑛
𝜋2𝐸𝐼

𝐿2 sin𝜃                                        (5.12) 

where, Fbuckling is the critical buckling load of a beam. From equations (5.3) and (5.12), 

the design constraint to avoid buckling can be expressed as a function of the beam width 

(W) as: 

𝑊 ≥  √
12𝛼∆𝑇𝑎𝑣𝑒

𝑛𝜋2 𝐿                                       (5.13) 

In addition, the beam width (W) should be narrower than the beam thickness (T) to avoid 

any out-of-plane buckling in operation. 

Based on equations (5.2), (5.3), (5.7), and (5.10), Uplat in equation (5.1) can be 

rewritten as: 

𝑈𝑝𝑙𝑎𝑡 = (
𝐿1

𝐿2
)

2𝛼𝑛𝐸𝑊𝑇sin𝜃

3𝑘𝜌{2(sin2𝜃+cos2𝜃
12𝐼

𝐴𝐿2)
𝐸𝐴

𝐿
+(

𝐿1
𝐿2

)
2 𝑚

𝐿1
2𝐶𝑧

}

𝑉2               (5.14) 

Equation (5.14) shows the output displacement of the platform has a proportional 

relationship with the square of the driving voltage.  Based on equation (5.14) and the two 

design considerations, design parameters of the actuator and the flexure hinge are 

selected and listed in Table 5.1. The details of the design process are described in Chapter 
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4. With these values, the XY-stage is able to generate at least 50 μm in X and Y axes, 

respectively with the given chip size of 7000 μm x 3500 μm. This result from equation 

(5.14) is compared with experiment data in section 5.5. 

5.3 Finite elements analysis (FEA)  

A series of Finite Element Analysis (FEA) simulations are utilized to predict the thermal 

and structural behavior of the proposed XY-stage. The material properties used in this 

FEA are listed in Table 5.2. Doped SOI wafers are used to maintain low resistivity, which 

is also measured experimentally later. 

Table 5.2: Material properties of silicon 

Material properties Value 

Young’s modulus 130 GPa 

Poisson’s ratio 0.28 

Resistivity -4.72x10
-7

T + 4x10
-4

 Ω-m 

Coefficient of thermal expansion  3x10
-9

T +3x10
-6

 (/ºC) 

Thermal conductivity (T is in ºC)  5x10
-4

T
2
 – 0.4706T +164.15  W/(m ºC) 

Yield strength 7 GPa 

  

Boundary conditions and simulation assumptions are applied to the FEA to simplify the 

model; (a) electrical analysis: An electrical potential difference is applied between two 

ends of an electrothermal actuator. When one is in motion, the other electrothermal 

actuator is configured to be isolated electrically. (b) Structural analysis: The ends of the 

outermost four flexures and both ends of the actuator in the X stage are assumed to be 

fixed. (c) Thermal analysis: The four ends of flexure hinges and both ends of the actuator 

in the X stage are assumed to be at room temperature of 20 ℃. In the simulation for a 
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range of motion, only heat conduction thermal energy transfer is taken into consideration. 

For thermal distribution simulation, both conduction and natural convection heat transfer 

are included. 

 Figures 5.6(a) and 5.7(a) show the FEA results of the moving displacements 

under the temperature which is below 550 ºC. Results showed that the X stage generates 

displacement of 51.41 μm at the temperature of 546ºC , and the Y stage generates 54 μm 

under the peak temperature of 478 ºC. With the displacements greater than 50 μm, FEA 

revealed that von Mises stress and the 1
st
 principal stress on the flexure hinge are less 

than 1.1 GPa and are shown in Figure 5.5(b) and 5.6(b). These values indicate that no 

structural failure is expected at the flexure hinges with 50 μm displacement since the 

known yield strength of silicon is 7 GPa. . 

 The temperature distribution over the XY-stage is numerically obtained with the 

actuators in operation. Figures 5.6(c) and 5.7(c) depicted the temperature distributions of 

the stage, when the maximum temperature of the actuator in the X stage or the Y stage 

reaches around 550 ℃. These simulations indicate that the temperature distribution is 

well controlled and remains around the actuator area only. However, due to the difference 

in thermal boundary conditions, the Y-stage tends to produce higher temperatures than 

the X-stage. This difference can result in different displacement with the same voltages 

applied to the X-stage and the Y-stage. In addition, the temperature is well isolated in Fig. 

5.6(c), but the temperature of the motion platform in the Y-stage causes temperature rise 

up to 130 ºC around the Y-stage. From this observation, it is possible to have a coupled 

motion error by the Y-stage, rather than the X-stage. 
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 (c) 

Figure 5.6: FEA of the proposed XY stage: (a) the displacement in X axis; (b) von Mises stress of 

a flexure hinge; (c) temperature distribution when the maximum temperature of the X stage is 550 

ºC 
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0                                218.6                               719.3                           1095 

 

(b) 

 

(c) 

Figure 5.7: FEA of the proposed XY stage: (a) the displacement in Y axis; (b) first principal 

stress on a flexure hinge; (c) temperature distribution when the maximum temperature of the Y 

stage is 550 ºC 
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5.4 Fabrication 

 

Figure 5.8: Fabrication sequence of SOI wafer for the XY stage: (a) a SOI wafer as a starting 

material; (b) metal deposition for electrical connections; (c) device layer etching by DRIE; (d) 

handle layer etching with DRIE; (e) removal of the buried oxide layer using B.H.E; (f) 

installation with bottom spacer and wire-bonding 

 

The fabrication process for the proposed MEMS XY stage is schematically described in 

Fig. 5.8. A 30 μm thick device layer (upper thin grey area in Fig. 5.8(a)) is used for the 

main device structures and a 400 μm thick handle layer (lower thick grey area in Fig. 

5.8(a)) is utilized as a backside supporting structure. A 2 μm thick buried oxide layer 

(blue thin strip in Fig. 5.8(a)) is located between the two silicon layers. The whole 

process follows Silicon-On-Insulator Multi-User Multi-Processes (SOIMUMPs) [39]. For 

reliable electrical connection, a layer of 10 nm of chrome and 700 nm of gold are 

deposited. The fabrication process consists of four steps – metal layer deposition, DRIE 
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of the device layer, DRIE of handle layer and removal of buried oxide layer. The two 

DRIE processes are carried out up to the buried oxide layer from both sides of SOI 

wafers. Using Buffered hydrofluoric acid (B.H.F.) movable structures are released. 

5.5 Experimental characterization of the MEMS XY-stage 

5.5.1 The range of motion of the MEMS XY-stage and its coupled motion error  

The range of motion of the presented XY-stage and its corresponding coupled 

motion error are measured experimentally. In this experiment, four metal pads are 

electrically connected to two DC power supply units (Model 3322A from Agilent). The 

corresponding X and Y positions are measured by an optical profiler (VEECO NT1100 

[137]). It is evident from Fig. 5.9(a) that both X- and Y-stages displacements are greater 

than 50 μm within the driving voltages around 4.75 V to 5.0 V. Repeated tests with 

displacement larger than 50 μm indicates that there is no permanent damage with 50 μm 

or large motions. From the FEA it is noted that the Y stage reached higher temperature 

than the X stage, which results in longer displacement for the same driving voltage.  

The experimental results, FEA and the analytical results from equation (5.14) are 

compared with each other and shown in Fig. 5.9(a). The FEA shows the similar trend line 

with the experimental results of the X-stage than the Y-stage, because the thermal 

boundary condition applied to FEA is the same with the X-stage. The analytical result 

shows a lower slope curve than the experimental result. This is because the resistivity of 

silicon used for this equation is an average value ranging from room temperature to 550 

ºC. This value is not accurate to predict the motion of the X-stage at high temperature. 

For this issue, additional analytical results are numerically obtained with linearly varying 
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resistivity as shown in the red solid line in Fig. 5.9(a). This has a similar trend pattern 

with the Y-stage indicating that the linearly varying resistivity can predict the motion of 

the electrothermal actuator more accurately. Since the equation (5.14) takes into account 

only conduction heat transfer, this analytic results are closer to the Y-stage than the X-

stage. 

 

(a) 

 

(b) 
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(c) 

Figure 5.9: Experiments with fabricated XY-stages: (a) range of motions; (b) the coupled motion 

error in Y axis by the displacement along X axis; (c) the coupled motion error in X axis by the 

displacement along Y axis (the displacement along X axis is in blue and along Y axis is in red) 

 

The coupled motions between the X- and the Y-stages are measured with an 

intensity-based laser reflectometer; the intensity of the reflected light from the edge of the 

motion platform is measured and its displacement is calculated based on the calibrated 

intensity and displacement relationship. To get the relationship between this intensity and 

the actual displacement, a calibration test is performed by measuring the reflected 

intensity with the motion of a commercially available nano-positioning stage (P-733.3 

XYZ Piezo-Nanopositioning Stage [146]). This positioning stage is equipped with 

embedded X-Y displacement sensors. With the calibration completed, the coupled 

motions by the X- and the Y-stages are measured. The results are plotted in Fig. 5.9(b) 

and 5.9(c), respectively. From the Fig. 5.9(b) 20.48 μm motion by the X-stage (a blue 

curve) makes a coupled motion less than 0.5% (the red curve), which is negligible for its 

motion. With a similar set-up, the coupled motion error less than 0.6 % is observed while 

the Y-stage produces 17.67 μm motions. All these results are summarized in the Table 
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5.3. In summary, the coupled motion error of the proposed XY-stage will be expected to 

be less 0.6 % for around 20 μm motions.  

Table 5.3: The coupled motion between the X- and Y-stages 

The target stage Intended  motion (μm) Coupled motion (μm) 

The X stage - 0.1006 (0.569 %) 

The Y stage 17.67 - 

The X stage 20.48 - 

The Y stage - 0.0902 (0.44 %) 

5.5.2 The frequency response  

The frequency response of the proposed XY-stage is experimentally measured by the 

excitation of its two actuators in the X- and the Y-stages. The frequency responses are 

recorded by an Agilent Fast-Fourier-Transform (FFT) analyzer, whose details are 

explained in metrological research [119]. The 1
st
 resonance frequency of the X-stage 

occurred at 0.71 kHz and of the Y stage at 2.63 kHz as plotted in Fig. 5.10. The 1
st
 

resonance frequency of the X stage is relatively lower than that of the Y stage. The 

frequency difference between the two stages can be explained by the different motion 

platform size and additional mass from the backside supporting frame beneath the X-

stage. From these bode plot, it would be beneficial to utilize the presented motion stages 

at low frequencies less than 100 Hz and micro-manipulation or assembly can be 

promising applications.  
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(a) 

 

(b) 

Figure 5.10: Frequency response bode diagram: (a) the X-stage; (b) the-Y stage 
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5.6 The multi-probe finger manipulation system 

In order to verify the usability of the proposed XY-stage, a micro-manipulation [147] is 

designed by exploiting two XY-stages. The micro-manipulation is to control or access 

micro-scale objects. Due to the scale difference, a conventional bulk manipulator has 

shown limited access in micro-meter level objects. One common approach is to utilize 

optical tweezers which utilize a laser to trap and move micro-scale particles [148–153]. 

However, the optical tweezers are non-contact methods and not able to produce enough 

force for micro-scale objects, so the main manipulations have been implemented in 

aqueous environment. This micro-manipulation system is composed of two XY stages as 

shown in Fig. 5.11. One finger probe is extruded from the motion platform of each stage 

toward the workspace. Two probes can meet each other between two XY-stages and their 

collaboration can handle complex manipulating operations. Since each stage is able to 

generate more than 50 μm by 50 μm workspace, the well overlapped two probes can form 

a workspace similar to that size. With this layout, it is possible to pick up a micro-scale 

object, rotate it along the z-axis and position it within the workspace.  

The demonstration of the micro-manipulation is done and several images are 

captured inside a scanning electron microscope (SEM) as shown in Fig. 5.12; Figure 

5.12(a) shows a SEM picture of the two fingers gripping a 15 μm sized polypropylene 

particle. After being gripped, this object is rotated and translated by two probes along the 

Y axis as shown in Fig. 5.11(b), (c), and (d). In addition, the gripped objects can be 

moved along the X and Y axes by moving the two fingers in a coordinated fashion. 
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Figure 5.11:  A multi-finger manipulation system with a 2x1 layout 

 

The demonstration of the micro-manipulation is done and several images are 

captured inside a scanning electron microscope (SEM) as shown in Fig. 5.12; Figure 

5.12(a) shows a SEM picture of the two fingers gripping a 15 μm sized polypropylene 

particle. After being gripped, this object is rotated and translated by two probes along the 

Y axis as shown in Fig. 5.11(b), (c), and (d). In addition, the gripped objects can be 

moved along the X and Y axes by moving the two fingers in a coordinated fashion. 
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(a)                                                                (b) 

 

(c)                                                                      (d) 

Figure 5.12: A multi-finger manipulation system: (a) 2x1 layout with two stages; (b) gripping a 

14.8 μm sized micro particle; (c - e) rotating and moving the particle by controlling the motion of 

the two fingers 

 

 

5.7 Summary 

The design, fabrication and testing of MEMS based XY-stage for large stroke and 

negligible coupled motion is successfully accomplished. This presented stage is designed 

for applications such as micro/nano dynamic metrology, coordinate measurement 

machine metrology machining, manipulation and assembly.  

X 

Y 
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For successful implementation, the following features have been adopted: (1) design 

of the single DOF stage to have more than 50 μm in motion displacement, (2) utilization 

of the nested structure to merge the two single DOF stages to build an in-plane 2 DOF 

stage with negligible coupled motion, (3) the electric isolation between the two stages to 

avoid any electrical leakage, and (4) embedded electrical connection for the Y stage. 

With these features, the fabricated XY-stage demonstrates at least 50 μm in 

displacements in X and Y axes, respectively. The FEA and the analytic solutions shows 

that when applying less than 5V, the electrothermal actuator is below its thermal or 

buckling limits and operates without any damage or side-effect. With a nested structure, 

its coupled motion is successfully depressed down to 0.6 % of the other axis motions. 

The first resonance frequencies for the X-stage and the Y-stage are at 705 Hz and 2.63 

kHz, respectively. Successful demonstration on the micro-sized particle with the two 

fingers actuated by the two neighboring XY stages is presented as well. 

This system can be extended for further operations by embedding or stacking 

different devices into it. Instead of the Y stage, two X stages can be employed for 

extending the motions greater than 100 μm. Additionally one more stage can be 

embedded into the Y-stage for 3 DOF motions or rotational motions. Instead of a Z-stage, 

a gripper or embedded sensor can be placed in the platform of the Y-stage for 

manipulation. 
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Chapter 6 MEMS-based out-of-plane motion stage  

This chapter
3
 presents the design of an out-of-plane motion stage containing similar 

properties to the X-stage described in Chapter 4. Spatial motions are so common in 

manipulation or assembly applications that appropriate out-of-plane motion stage is 

necessary in designing 3-DOFs motion stage. In this chapter, the design and experimental 

results of a MEMS-based out-of-plane motion stage is presented based on similar 

fabrication methods and characterization used in the X-stage described in Chapter 4. This 

stage is also thermally actuated for out-of-plane motion by incorporating beams with step 

features. The fabricated motion stage has demonstrated the displacement of 85 µm with 

0.4 µm/mA rates and generated up to 11.8 mN forces with stiffness of 138.8 N/m. These 

properties obtained from the presented stage are in a similar level to in-plane motion 

stages which improve its usefulness when used in collaboration with in-plane motion 

stages. 

6.1 Introduction 

In micro-electro-mechanical systems (MEMS), precise positioning of micro-objects finds 

important applications in biomedical research [6], micro-assembly [15], micro-grippers 

[36], and scanning probe microscopy [97]. Since the target objects are getting smaller, 

MEMS technologies have been applied to develop a wide variety of miniaturized motion 

stages [6,27,36,97]. In many applications, the MEMS-based motion stages capable of 

generating both in-plane and out-of-plane (or vertical) motions can provide additional 

positioning options and improved controllability. But the realization of such a stage based 

on conventional MEMS processes is still challenging. This is due to the considerable 

difference in designs and fabrication methods between the in-plane and the out-of-plane 

3
 The work in this chapter is derived from the published work in [62, 130]. 
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actuation mechanisms. Additionally, the out-of-plane stages reported so far demonstrate 

relatively lower performance than in-plane stages. Therefore, it is necessary to develop a 

new out-of-plane motion stage that is equivalent to in-plane motion stages. This 

equivalence implies similar performances between in-plane and out-of-plane stages, such 

as motion range, force generation, stiffness, and frequency response. For example, one of 

the commercial nano-positioners PI NanoCube [2] has demonstrated its usefulness from 

its cubic-shaped workspace. This workspace comes from the similar motion range in both 

in-plane and out-of-plane directions, which is more practical than a skewed workspace in 

real applications. Many reported in-plane motion stages have motion ranges from 25 µm 

[31] to 60 µm [27] or more, while most out-of-plane motion stages are limited to less 

than 15 µm (e.g., 1.5 µm reported in [87], 3.5 µm reported in [31]). Additionally, similar 

force and stiffness scales are also desirable in micromanipulation applications where the 

same stiffness level along different orientations can reduce unwanted bending motions or 

distortions at the interaction with a stiff target object. In addition, similar fabrication 

methods to in-plane stages are also another requirement. Requiring special tools like 

wafer bonding [31] or focused ion beam (FIB) [87] for out-of-plane stages has been a 

major obstacle to expand their applications. Thus, this paper focuses on the development 

of an out-of-plane MEMS motion stage that can provide equivalent performance to one 

of the existing in-plane stages and follows the same fabrication methods with the chosen 

in-plane stage. 

There have been various approaches for out-of-plane motion stages. Among them, 

one of the most efficient methods is to utilize existing in-plane actuators. This method 

requires no additional effort on the actuator design and has an advantage to provide 
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similar stiffness and motion range. However, in order to utilize an existing actuator, 

converting structures such as inclined planes [87] or polarity hinges [16, 24] are 

necessary. The gap and the friction from the motion direction converting mechanisms 

restrict the precision that can be achieved. One of the other simple methods for 

generating out-of-plane motion is rotating an in-plane actuator by 90˚ and then inserting 

it into a fixed base frame during the post-processing step [66]. Since the erected actuator 

is exactly the same as the in-plane one, these actuators can provide similar motion range 

and force. However, the manual rotation and assembly process make it difficult to ensure 

good quality over multiple devices and cannot be used in mass production situations.  

Instead of utilizing existing in-plane actuators, dedicated out-of-plane actuators 

have also been developed based on widely used actuation methods such as electrostatic, 

electromagnetic, and electrothermal. The electrostatic actuators are well known for their 

low power dissipation, fast frequency response, and simple geometries[120]. Based on 

this actuation method, parallel plate [31, 117] and asymmetrical vertical combs [154] 

have been commonly used for out-of-plane motions. One of the parallel plate types 

demonstrated 3.5 µm out-of-plane motions [120], but requires two big parallel plates, 

which can require different fabrication methods such as a wafer bonding [31]. 

Asymmetrical combs for out-of-plane motions have a similar design to in-plane comb 

drives, but its motion range is relatively smaller than in-plane motion due to the limited 

area between electrodes [154]. Another candidate is the electromagnetic actuators which 

are based on the Lorentz force principle and have been implemented as a combination of 

micro-coils and magnetic fields [98, 145–147]. These electromagnetic actuators have 

high bandwidth and also perform bidirectional displacement up to a few micro-meters. 
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The magnetic field for the actuator can be obtained through electroplating [145, 146], 

polymer deposition [157], and permanent magnets [78, 97]. Among them, the permanent 

magnets are stronger than the others, but are not compatible with MEMS fabrication 

processes. In addition, the magnetic field for one actuator can interfere with the other 

actuators, because it is difficult to isolate one magnetic field completely from the others. 

This can reduce the integration capability with other in-plane electromagnetic actuators.  

As an alternative, electrothermal actuators have been utilized [27,68,75,157] for 

their large forces (on the order of a few mN) and stiffness (on the order of tens of N/m), 

which are attractive in micro-manipulation applications. One of commonly used out-of-

plane electrothermal actuators is a cold and a hot arm that can generate out-of-plane 

motions up to 9 µm from the electrical resistance difference between the two arms [68]. 

This actuator is simple to fabricate and available for both in-plane and out-of-plane 

motions. But with this kind of actuator, it is difficult to generate linear motions. In order 

to generate a linear motion, symmetric beam designs with additional shapes like bridges 

or steps have been adapted to demonstrate 7 µm [75] to 14 µm [71] out-of-plane motions. 

The additional shapes have been fabricated mainly through surface micromachining 

technologies for multiple depositions and partial etchings. Contrary to surface 

micromachining technologies, bulk micromachining technologies have been rarely used 

for out-of-plane structure due to its limited fabrication processes. However, there are 

many needs for the out-of-plane actuator based on bulk micromachining technologies, 

because this approach can provide stiffness and forces greater than those from surface 

micromachining technologies. 
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In this chapter, an existing in-plane stage based on bulk micromachining has been 

selected as a target and a new electro-thermally actuated out-of-plane motion stage has 

been designed to provide characteristics similar to the selected one including motion 

range, stiffness, and force. The chosen motion stage can provide an in-plane displacement 

of 60 µm and a stiffness of 39.5 N/m [27,44]. The basic design concept and its details are 

described in section 6.2. In order to achieve similar properties to the chosen in-plane 

stage, theoretical analyses and finite element analysis (FEA) were utilized and are 

explained in section 6.3 and section 6.4, respectively. The fabrication procedures for the 

out-of-plane motion stage are depicted in section 6.5. Experimental results including its 

range of motion, stiffness, frequency response, and resistivity check are presented in 

section 6.6.  

6.2 Design of the motion stage 

In many MEMS electrothermal actuators, one commonly used electrothermal actuator is 

a bent-beam type or chevron type in-plane actuator [27,44,50] due to its simple structure 

and linear motion. This type of actuator is composed of aligned V-shaped beams pointing 

towards its actuation direction that convert thermal expansion of the beams into a linear 

motion. In this case, the bent beam angle plays an important role in determining its 

actuation direction. If this angle can be aligned toward a vertical direction, this actuator 

can generate out-of-plane motion. There have been several designs to fabricate this out-

of-plane bent beam through a step-bridge shape [71] or trench [72,73]. But, many of them 

still have their own limitations such as smaller motion range and more complex 

fabrication processes than in-plane actuators due to lack of appropriate MEMS 

fabrication technologies.  



156 
 

The proposed actuator consists of four flat beams that have two steps at their ends 

and are connected at their center, as described in Fig. 6.1(a). When a current flows 

through the beam, it would generate a temperature rise by Joule heating and thermally 

expand. The height difference from the step features in the beam generates a bending 

moment from this thermal expansion, which results in an upward or downward out-of-

plane motion. By placing two steps at the ends of the beam, the bending moment is 

utilized for creating an upward out-of-plane displacement. 

 

(a) 

 

(b) 

Figure 6.1: 3D models of the Z-stage; (a) A schematic illustration of a single beam with step 

features; (b) a 3D design of the motion stage actuated by the proposed two out-of-plane actuators 

that utilize four beams with step features (the device layer in grey and the handle layer in blue) 

a motion platform 
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Based on this electrothermal actuator, a MEMS motion stage is designed and 

illustrated in Fig. 6.1(b), where the stage is composed of two out-of-plane electrothermal 

actuators and a moving platform. The actuators are located symmetrically at both sides of 

the platform and connected through a connecting block to compensate for any rotational 

motion. The motion platform is supposed to provide an interface or a base frame for 

external applications such as grippers or mirrors. The device is implemented based on a 

silicon-on-insulator (SOI) wafer which is the same materials used for the X-stage in 

Chapter 4 and the XY-stage in Chapter 5. The insulation layer between them isolates the 

actuators from the moving platform, which makes the platform electrically and thermally 

isolated from the actuator. Main components such as actuators and the moving platform 

are located in the first layer of silicon, called a device layer, and the other components 

like anchors and the connecting block are in the second layer of silicon, called a handle 

layer. These layers and components are described in Fig. 6.1(b). Since the fabrication 

process for this stage is composed of pure etching steps, it can be fabricated based on 

bulk micromachining technologies, especially silicon-on-insulator multiuser multi-

processes (SOI-MUMPs) [102].  

6.3 Design analysis  

Figure 6.2(a) shows a schematic diagram of the beam in Fig. 6.1(a) for analysis. Two step 

features connect a lower portion of the beam to a fixed base. The force generated from 

the thermal expansion of the beam is denoted as P and P’. The free-body diagram of the 

beam is described in Fig. 6.2(b), where the step height from the action line of load P to 

the center line of the beam is denoted as e. The eccentric force P can be replaced with 

force P acting on the beam cross section center and a moment Ma; Ma =Mb= Pe, as 
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illustrated in Fig. 6.2(c). Since the lower portion of the beam is connected to a fixed base, 

the steps produces eccentric load which results in an upward out-of-plane motion.  

 

(a) 

 

(b) 

 

(c) 

Figure 6.2: Diagrams for the analysis; (a) the schematic diagram of one beam of the actuator; (b) 

A diagram with an eccentric load P from a thermal expansion of the beam; (c) a converted free-

body diagram of the beam 

 

With a pinned-pinned boundary condition, y(0) = 0 and y(L) = 0, the analytic 

relationship for the beam deformation profile can be expressed [124] as: 

                      y = e {tan (√
P

EI

𝐿

2
) sin (√

P

EI
𝑥) + cos (√

P

EI
𝑥) − 1}                           (6.1) 

where, E is the Young’s modulus of silicon and I is the area moment of inertia of the 

beam. Based on equation (6.1) and the dimensions listed in Table 6.1, the deformation 

profile of the actuator is calculated and plotted in Fig. 6.3, where this profile was verified 

by comparing with the profile from finite element analysis (FEA). 
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Figure 6.3: A comparison of out-of-plane deformation from equation (6.1) and FEA as a function 

of the position along the beam from one end 

 

The value of the maximum deflection ymax can be obtained at the middle of the 

beam (x = L/2) and can be expressed as: 

                      𝑦𝑚𝑎𝑥 = e {𝑠𝑒𝑐 (√
P

EI

𝐿

2
) − 1}                                                                 (6.2) 

Equation (6.2) implies that the step depth (e), a beam length (L), and the force (P) 

are the main parameters in determining the beam displacement performance. The longer 

L can produce a longer displacement, but this is vulnerable at buckling and also limited 

by the allowable chip area. The load P can be expressed from a classic beam theory as: 

                               𝑃 = 2𝛼∆𝑇ave𝐸𝑊𝐻                                                                       (6.3) 

where, 𝛼 is the coefficient of thermal expansion of silicon, W is the beam width, H is the 

beam height, and an average temperature rise over the beam ∆Tave is studied in [52] and 

can be expressed as: 

                                    ∆𝑇ave =
𝑉2

3𝑘𝜌
=

2

3
∆𝑇max                                                         (6.4) 
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where, k is the thermal conductivity of silicon, 𝜌 is the resistivity of silicon, and V is the 

driving electrical voltage applied to the actuator.  

The load P can be expressed as a function of temperature and this relationship is 

described in equations (6.3) and (6.4). In this case, the maximum P is also determined 

through the maximum allowable temperature ∆Tmax, which causes silicon to deform 

permanently. These values are reported as 550 ˚C [61] or 800 ˚C [134,158]. In this 

chapter, the temperature of 550 ˚C is selected as a constraint, since this is the lowest 

value among the candidates. Since longer beam length (L) and larger load (P) are 

desirable, the two parameters L and P are eventually limited by the available chip area 

and the thermal properties of silicon. 

Table 6.1: The design parameters in the Z-actuator 

Components Symbol Design parameters 
Dimensions 

(μm) 

Beam 

W Width 33 

H Height 30 

L Length 3000 

Step 

Ln Length 500 

e 
distance from the central line of the 

beam to the central line of the step 
11 

 

The other remaining design parameters are step depth (e) and step length (Ln), 

which are investigated in the following FEA section to increase the performance of the 

actuator. Except for these design parameters, the remaining parameters of the beam have 
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been selected based on the theoretical analysis and available area or material properties. 

The same SOI wafers used for the XY-stage are also selected as a starting material and its 

30 µm thick device layer determines the beam height (H). The beam width (W) should be 

larger than the beam height (H) by at least 10 percent in order to prevent any in-plane 

deformation from starting prior to out-of-plane deformation. Since the longer beam is 

favorable at its maximum displacement, the beam length (L) is determined from the 

allowable area size for the device. For the device reported in this paper, the total chip size 

is set to be less than 4 mm x 4 mm, so L is set as L = 4mm - 2Ln. All parameters are listed 

in Table 6.1 with their corresponding values. 

6.4 Finite element analysis (FEA) 

Commercial finite element analysis (FEA) software, ANSYS [135] is utilized to simulate 

the behaviors of the presented actuator and find the optimum values for the design 

parameters step depth (e) and step length (Ln). The actuator is made of silicon and its 

material properties are the same with that for the XY-stage listed in Table 5.2. The same 

boundary conditions and conditions applied to the XY-stage are used for the Z-stage as 

well; an electric potential difference as electric excitation is applied between both ends of 

the actuator and this analysis include electric, thermal, and structural beam response. For 

thermal analysis, both ends of the actuator beam are assumed to be linked directly to a 

heat sink which is at room temperature (20 ˚C) and heat conduction heat transfer was 

taken into consideration. In each FEA, the maximum temperature and the stress are 

monitored in order to be kept under the maximum allowable temperature of 550 ˚C and 

yield strength of 7 GPa to avoid any plastic deformation or mechanical failure. 

6.4.1 The optimization of the step feature 
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(a) 

 

(b) 

Figure 6.4:The out-of-plane displacement based on the step length and step; (a) An out-of-plane 

displacement as a function of the step length (Ln); (b) an out-of-plane displacement as a function 

of the step depth (e) 

 

The optimization of the step feature can increase the performance. For this optimization, 

step length (Ln) and step depth (e) are separately evaluated through multiple FEAs. The 

expected displacements are calculated based on temperature rise of 530 ºC as an external 

excitation. During this FEA, various Ln have been tested, ranging from 50 µm to 900 µm. 
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Their corresponding responses are plotted in Fig. 6.4(a) where a local maximum 

displacement of 62 µm is observed at 500 µm step length. With the step length (Ln) of 

500 µm, the step depth (e) was also examined through FEA with the same thermal 

excitation of 530 ºC increment. Their corresponding responses are in Fig. 6.4(b) where a 

local maximum of 82 µm is possible with the step depth of 22.5 µm. These values are 

applied to the step design parameters, enabling a displacement larger than 80 µm   

6.4.2 Stress distribution 

In order to monitor any mechanical failure during operation, its von Mises stress 

distribution can be numerically calculated with the displacement of 85.1 µm. The 

response from the stage is shown in Fig. 6.5(a) where the whole actuator except the step 

features experiences stress less than 140 MPa. Around the step feature, the maximum 

stress increases and found to be 318.9 MPa as depicted in Fig. 6.5(b). These values imply 

that most deformation occurs near the step feature, which can be an active design limit. 

However, the calculated number is still far less than the yield strength of silicon 7 GPa, 

so there is no mechanical failure expected during its normal operations up to 85 µm. 

Since 94 µm motion produces a stress still less than 500 MPa, the presented stage for 85 

µm displacements can operate without any mechanical failure or fatigue. 
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(a)                                                                                                                  

 

 

(b) 

Figure 6.5: Stress distribution calculated by finite element analysis; (a) von Mises stress 

distribution on the full model; (b) a close-up view near the step 

 

6.4.3 The frequency response, stiffness, and maximum force of the motion stage 

The dynamic behavior of the moving stage is also analyzed; three natural frequencies and 

the corresponding mode shapes. The first mode has a natural frequency of 4.567 kHz and 

a mode shape of pure translational motion normal to the moving platform as shown in 

Fig.6.6. The second and third modes are rocking modes at 8.532 kHz along the X axis 

and at 9.850 kHz along the Y axis, respectively. These two modes are at least 80 percent 

Y X 

Z 

Y 

X 

Z 

0                      106.29                           212.56                        318.88  

0 0                       106.29                         212.56                    318.88  
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larger than the first mode, so the presented design provides enough separation between 

the desired motion and potential parasitic motions. 

 

 

Figure 6.6: The mode shape of the Z-stage at its first resonant mode 

 

The stiffness of the motion stage is also calculated under the situation that a 1 µN 

force is applied to the middle of the moving platform as mechanical excitation. From this, 

the moving stage is expected to have a stiffness of 128.2 N/m along the out-of-plane 

direction. The maximum force from the actuator is calculated under the case that the 

temperature increment of 530 ˚C is used as a thermal excitation and the moving platform 

firmly held at zero displacement as a mechanical constraint. The corresponding result 

was found to be 13.81 mN. Based on these two values, the ideal maximum displacement 

is approximately 107.7 µm without considering any thermal or structural limits. These 

properties obtained from FEA are compared with measured data in section 5. 
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6.5 Fabrication 

 

Figure 6.7: The fabrication flow: (a) SOI wafer as a starting material; (b) Au/Cr layer deposition 

for an electrical connection; (c) first etching for the beam and the motion stage except for the 

steps using DRIE; (d) second etching for the steps using DRIE; (e) etching of the handle layer 

using DRIE; (f) etching the buried oxide layer to release the motion platform; (g) electrical 

connection by wire-bonding; (h) an expected deformation during its operation 

 

The fabrication process flow is based on the SOI-Multi User Manufacturing Processes 

(MUMPs) [39] and each process step is described in Fig. 6.7. The device is fabricated on 

the same SOI wafer used in Chapter 4 and Chapter 5 as shown in Fig. 6.7(a). The 

fabrication process consists of a metal deposition step for generating the electrical 

connection pads and wires [Fig. 6.7(b)], the first deep reactive ion etching (DRIE) of the 

device layer to build the main devices [Fig. 6.7(c)], the second DRIE to fabricate the step 

features [Fig. 6.7(d)], and the third DRIE to form the anchors and the connecting block 

and to release the main devices for operation [Fig. 6.7(e)]. After these three DRIE steps, a 
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buried oxide layer between the device layer and the handle layer is partially eliminated to 

make the moving stage free [Fig. 6.7(f)]. All the etching steps are implemented by the 

Bosch process (Deep RIE-Unaxis SHUTTLELINE DSEII) [21] and the metal deposition 

step by an electron-beam evaporator (Denton Infinity 22) [159]. The fabricated device is 

connected to external electrical DC actuation voltage for its operation [Fig. 6.7(g)] and its 

expected operation is depicted in Fig. 6.7(h). 

 

                                                                  (a) 

 

                     (b) 

 

                    (c) 

 

                     (d) 

Figure 6.8: The scanning electron microscope (SEM) images of the Z-stage; (a) a full view; (b) 

the sidewall of the step near the metal pad; (c) a close-up view of the block connecting the 

actuator to the platform; (d) the sidewall of the step near the beam 
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Based on the fabrication flow described in Fig. 6.7, the presented stage has been 

successfully fabricated and its captured images from a scanning electron microscope 

(SEM) are shown in Figs. 6.8. Figure 6.8(a) is the full view of the proposed motion stage 

where two ‘C’-shaped bright areas stand for metal pads for electrical connection and the 

grey areas represent the motion stage made of silicon. For reliable fabrication, the 

moving platform has three holding fingers at each corner that connect the moving 

platform to the fixed boundary frame during the fabrication and will be released after the 

fabrication process described in Fig. 6.7(f). Close-up views for the step feature near the 

metal pad and the beam are shown in Fig. 6.8(b) and 6.8(d), respectively. First and 

second independent DRIE etching described in Fig. 6.7(c) and 6.7(d) creates the step 

features without damaging other features. The connecting block underneath the actuator 

and the motion platform is shown in Fig. 6.8(c). This blocking delivers the out-of-plane 

motion from the actuators to the motion platform and electrically isolates the moving 

platform from the actuators.  

6.6 Experimental results 

In order to assess the static performance of the motion stage, a fringe-counting type 

optical profiler (VEECO WYKO NT1100 [137]) has been used as an out-of-plane 

displacement sensor. The optical profiler scans a target area and a reference area to 

generate its depth information and measures the relative position between them to obtain 

displacement data. This measurement has less than 1 µm error but its measurable range is 

up to 1 mm which is necessary in this case. The stage is electrically connected to a DC 

power supply unit (Agilent
 
model 3322A) for its static performance test. Figure 6.9 

shows the measured out-of-plane displacement of the moving platform as a function of 
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the input DC current ranging from 0 mA to 250 mA. This curve is also compared with the 

secant curve from equation (1) showing a similar trend. For a current from 40 mA to 220 

mA, output displacement increases with the constant rate of 0.4 µm / mA. At 220 mA, 

the stage generates 85 µm of out-of-plane displacement and a current of 245 mA 

produces a motion up to 95 µm, but the rate of movement gets smaller after 220 mA. 

Thus, operation up to 85 µm can be considered stable without any mechanical or thermal 

failure. During this experiment, the driving voltage goes up to 7 V, which indicates the 

electric power has been used up to 1.2 W for 85 µm displacement. 

 

Figure 6.9: Experimentally measured displacement results with analytic ones 

 

 The stiffness of the motion stage was measured using a contact profilometer 

(Veeco Dektak 6M [160]) varying the pushing force from 1 mg to 10 mg that yields the 

value of 138.8 N/m, which is slightly larger than the value estimated from FEA. From the 

stiffness and the motion range, the actual force generated from the electrothermal 

actuator is calculated to be 11.80 mN.  



170 
 

 

(a) 

 

(b) 

Figure 6.10:Measured deformation profiles in the actuation; (a) Two measured deformation 

profiles of the step with 0 mA and 160 mA current; (b) a 3D scanned image of the step with 0 mA 

current 

 

In order to look at the deformation behavior of the beam near its step feature 

during its operation, its deformation was experimentally scanned during displacement 

and compared with its original shape. In Fig. 6.10(a), the deformation profiles are plotted 

showing that the out-of-plane deformation is well distributed over the step feature. The 
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shape in 3D images is shown in Fig. 6.10(b) and 6.11(a). The deformation profile of the 

middle of the beam was also scanned in Fig. 6.11(b), showing a smooth concave curve. 

This concave shape matches up with the estimated shape from equation (6.1) and FEA. In 

addition, this shape is completely different from the profile under buckling [141] and 

indicates that the current beam is not under buckling but pure elastic bending. 

      

(a) 

      

(b) 

Figure 6.11: Measured deformation profiles in the actuation; (a) a 3D scanned image of the step 

with 200 mA current; (b) a 3D scanned images of the beam at its center with 200 mA current 
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The dynamic frequency response of the presented motion stage has been 

measured with a Polytec Micro System Analyzer (MSA-500) [161], which has been 

mainly used for atomic force microscope (AFM) applications. From the measurement, 

the resonant frequencies of the first three modes are measured and found to be 4.41 kHz, 

8.00 kHz and 9.72 kHz, respectively. Each peak has a magnitude high enough to identify 

the difference and the first three modes have 1 % to 6 % differences from the estimated 

FEA values which are very close to its FEA considering variations and deformations 

during MEMS fabrication. 

The repeatability of the presented system is also quantitatively measured; the 

stage has been operated more than 1 billion cycles at its natural frequency. The 

displacements after every 400k cycles have been measured with three fabricated devices 

and their results are shown in Fig. 6.12(a). The stages generate 85 µm to 90 µm 

displacements by 220 mA currents and have demonstrated similar displacement after 

4x10
5
, 8x10

5
, and 1.2x10

6
 cycles.  

The resistance of the actuator was monitored during all experiments and can be 

used as an indicator of the internal condition of the actuators. Figure 6.12(b) shows the 

resistance of the actuator as a function of a driving current where the blue solid line is for 

the stage by an increasing current and the red dotted line is by a decreasing current. This 

plot shows a slow increase of resistance with an increasing current and a return to its 

original value after testing. This trend is similar with the measured data [48] and no 

discontinuous increment has been observed implying no plastic deformation or internal 

changes occur during its operation. 
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(a) 

 

(b) 

Figure 6.12: Reliability test; (a) A repeatability test over 12x105 cycles with (220 to 225) 

mA driving currents; (b) a resistance change as a function of driving currents 

 

6.7 Discussion 

The goal of this work is to develop a MEMS motion stage that generates out-of-plane 

motion and provides similar range to existing in-plane motion stages. For this purpose, 

stiffness larger than tens of N/m, a few milli-Newton level force, and a motion range of 
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close to 100 micrometers have been achieved. The similarity of their performance plays 

an important role in some applications such as collaboration between in-plane and out-of-

plane stages or integration of out-of-plane actuation with in-plane actuation. Due to lack 

of versatility in MEMS fabrication, it is hard to find MEMS motion stages or 

manipulators having similar performance with conventional stages fabricated from 

precision machining are rare. In this situation, the collaboration among several individual 

MEMS devices can overcome it. As a first step for this purpose, an out-of-plane stage 

with equivalent performance to in-plane stages is required, because in-plane structures 

are considerably different from out-of-plane structures in MEMS fabrication approaches.  

When comparing with other in-plane stages, the presented stage with the stiffness 

of 133 N/m has a similar level to the selected in-plane stage of 39.5 N/m [19,44]. The 

maximum range of motion is 85 μm, which is larger than 60 μm of the in-plane stage [27]. 

The expected maximum force of 13 mN is of a comparable level to that of the in-plane 

stage, which achieves 2 mN to 3 mN force. These properties depend mainly on the thick 

device fabricated through bulk micromachining technologies. This comparison is not 

meant to claim that the presented stage is better than the target in-plane stage. Rather, it 

focuses on the fact that the presented stage is designed to provide similar performance or 

characteristics to the existing in-plane stage, which is an advantage at integration with 

previous in-plane stages for future collaboration work. Due to this reason, its fabrication 

method is also limited to the same method as the in-plane stage for easy implementation. 

Although the presented motion stage meets the required specifications, there are a 

few design modifications to increase its usability. As mentioned in the analytic analysis 

section, the relative position of the step determines the direction of out-of-plane motion. 
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Current design has two step features near the beam ends and generates upward motion. 

Alternatively, the step feature could be placed in the middle of the beam and therefore 

generate downward out-of-plane motion. Additionally, the combination of the downward 

out-of-plane actuator and the upward motion actuator presented in this paper can generate 

rotational motion of the platform. 

6.8 Summary 

In this chapter, a thermally actuated upward out-of-plane motion stage has been presented 

with similar mechanical characteristics with in-plane motion stages, especially in terms of 

motion range, stiffness, and maximum force capability. In addition to these features, the 

fabrication methods for the presented Z-stage are based on electrothermal actuation type 

and bulk micromachining technologies. This feature is also compatible with that for in-

plane motion stages described in Chapter 4 and Chapter 5. For this purpose, the newly 

designed Z-stage utilizes a step feature of the beam for its eccentric load for out-of-plane 

motions, which can minimize additional fabrication process for the compatibility with the 

XY-stage in Chapter 5. The fabricated motion stage has demonstrated an 85 µm range of 

motion and a maximum force capability of 11.8 mN. The measured properties were 

found to be in similar ranges to existing in-plane motion stages [27,44]. These results 

demonstrate that the presented out-of-plane electrothermal motion stage based on the step 

feature has potential in extending its role in various applications through collaboration or 

integration with in-plane stages for a coordinated manipulation or higher degrees-of-

freedoms (DOF) motion stages. 
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Chapter 7 MEMS-based 3-DOFs motion stage  

This chapter
4
 presents a newly designed three degrees-of-freedom (DOF) translational 

motion stage composed of two DOF in-plane motion and one DOF out-of-plane motion 

(called an XYZ-stage). This XYZ-stage is also based on micro-electro-mechanical 

systems (MEMS) and implemented by integrating three existing 1-DOF motion stages 

into one. By utilizing the motion stages previously developed, this approach can save 

some efforts and time rather developing a whole new system. Moreover, an appropriate 

selection on the candidates can ensure minimum reliability from previous experiences. 

For successful implementation, electrical connection to the engaged stages, electrical 

isolation among them, and structural floating frames are applied to the chosen 1-DOF 

motion stages during their integration. With these features, the presented XYZ-stage is 

successfully fabricated and demonstrates the range of motion of 53.98 µm, 49.15 µm, and 

22.91 µm along X, Y, and Z axes, respectively. The coupled motion errors among the 

engaged stages is observed less than 1 µm with the presented compensation algorithm. 

Keywords: MEMS, 3-axis, motion stage, nested structure, serial kinematic mechanism 

7.1 Introduction 

Micro-scale devices based on micro-electro-mechanical systems (MEMS) have various 

advantages, such as their small form factors, low cost from batch process, and nano-meter 

level resolution [6,15,97,162–164]. These strengths have made MEMS-based systems 

attractive in various applications, such as micro-assembly [15], manipulation [6], and 

metrology [97]. However, many MEMS fabrication methods can only realize planar 

designs and hence have limited operations. Multiple degrees-of-freedom (DOF) motion 

or a combination of in-plane motions and an out-of-plane motion are still difficult to 

4
 The work in this chapter is derived from the published work in [141, 142] 
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implement or require considerable efforts in their design process and fabrication process 

[6,162]. In contrast to MEMS motion stages, the commonly used approach for 

conventional meso-scale motion stages is stacking up multiple stages one by one 

[163,164]. 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; manual stacking-up can damage MEMS 

devices during the assembly process or provide relatively poor alignment among the 

engaged stages. Moreover, the devices stacked on the others should be free to move and 

this is also challenging at their electric connections. Due to these reasons, it is rare to find 

motion stages utilizing a stacking-up approach in MEMS. 

Many MEMS motion stages have been developed for 2 or 3 DOF motion, especially 

for the combination of in-plane translational and in-plane rotational motions [13,29,131], 

but MEMS stages for 3-axis motion or XYZ motion are not common [31,87,165]. The 

main reason for this is that the difference 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 [87], wafer bonding for parallel plate type electrostatic actuation 

[31], or silicon-on-insulator wafer (SOI) for a dual layer [165] were used for the Z-

motions. With these approaches, researchers have achieved various ranges of motion as 

listed in Table 7.1. 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 
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structures and out-of-plane structure in MEMS fabrication methods. The high driving 

voltages are not compatible with general electric circuits and attracting dust easily results 

in electrical shorting of circuits. Based on the limitations in MEMS 3-axis motion stages, 

it is beneficial to develop a 3-axis motion stage having larger displacements than existing 

designs with less effort and time in development. 

Table 7.1: 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) 

[87] 1.1 100 1.1 100 1.1 100 FIB milling 

[31] 25 30 25 30 3.5 14.8 Wafer bonding 

[165] 19 100 19 55 2.12 200 SOI wafer 

7.2 Design of the 3-DOF motion stage 

The presented XYZ-stage is designed to generate translational motions along the X, Y, 

and Z axes. For the 3-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 1-DOF motion stages are selected 

from previous designs. The conceptual designs of the chosen systems are shown in Fig. 

7.1; Fig. 7.1(a) for the X-stage, Fig. 7.1(b) for the Y-stage, and Fig. 7.1(c) for the Z-stage. 

The X- and Y- stages are composed of one bent-beam type electrothermal actuator, four 

links, and one motion platform [27,44,117]. 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 motion platform. The fabrication of the X-stage 



179 
 

and the Y-stage is based on the Silicon-On-Insulator Multi-User Multi-Processes (SOI-

MUMPs) for SOI wafers [39] and generates the force of more than 45 mN and the 

displacement of 50 µm [27]. The Z-stage is also chosen from existing designs [27,117] 

and generates 25 µm [166] to 80 µm [76] displacements depending on the designs 

reported in the papers.  

 

                            (a)                                                                      (b)                                       (c)   

 

                                                                                     (d) 

Figure 7.1: Integration strategy of three individual stages 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 
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The integration strategy for the three independent stages described above is 

schematically shown in Fig 7.1 [167]. The motion platform of the X-stage is utilized to 

embed the Y-stage, which is also designed to contain the Z-stage as shown in Fig. 7.1(a), 

7.1(b), and 7.1(c). The expected merged shape is shown in Fig. 7.1(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 structures. 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 

integration strategy for the three independent stages or actuator described above is 

schematically shown in Fig 7.1 [167]. The motion platform of the X-stage is utilized to 

embed the Y-stage, which is also designed to contain the Z-stage as shown in Fig. 7.1(a), 

7.1(b) and 7.1(c). The expected merged shape is shown in Fig. 7.1(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 
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move in order not to prevent any motion generated by the XYZ-stage. For this purpose, 

dual layer approach is utilized through SOI wafers in this study; SOI wafers are bi- or 

triple-layer structures. 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 separately. 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 [27] except the motion platform size and 

the floating frame; the motion platform 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 [166]. 

 

Figure 7.2: The schematic diagram of the X-stage 

 

 

The motion platform 
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7.2.1 The X-stage and the Y-stage 

 

The X-stage is composed of a bent-beam type electrothermal actuator, one motion 

platform, and four links [44]. The schematic diagram of the X-stage is shown in Fig. 7.2, 

where the arrows stand for the expected direction of motion, the circles represent 

rotational flexure hinges as compliant mechanisms, and the solid lines for rigid links. The 

four links support the four corners of the motion platform, so the motion platform can be 

fully constrained. The two of the four links work as a lever which transfers the 

displacement to the motion platform with the amplifying ratio of 1:10. Due to this lever, 

the motion direction of the motion platform is opposite to that of the actuator. The details 

about the X-stage are described in the previous study [117].  

In the X-stage, the combination of the motion platform and the actuator can be 

interpreted as a combination of springs in a parallel connection. In this case, the expected 

displacement of the motion platform can be expressed [27] as: 

Uplate =
𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟

𝐾𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟+𝐾𝑝𝑙𝑎𝑡
                                  (7.1) 

where the subscript ‘plat’ indicates the motion platform and the subscript ‘actuator’ 

means the electrothermal actuator. The term ‘U’ stands for displacement, ‘F’ for force, 

and “K’ for stiffness. Each term in equation (7.1) can be expanded as: 

             𝐹actuator = 2𝛼𝑏∆𝑇ave𝐸𝑊𝑇sin𝜃  [27]                                 (7.2) 

             𝐾actuator = 2 (sin2𝜃 + cos2𝜃
12𝐼

𝑊𝑇𝐿2)
𝐸𝑊𝑇

𝐿
 [53]                                 (7.3) 

             𝐾plat =
𝑛2𝑚

𝐿1
2𝐶𝑧

  [139]                                 (7.4) 
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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 7.2.  

Table 7.2: 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 degrees 

L beam length 1000 μm 

L1 link length 1000 μm 

T 

b 

beam thickness 

Number of beams 

30 μm 

15 

α Coefficient of thermal expansion 2x10
-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 2x10
-3 

Ω cm 

ΔTave Actuator average temperature - 

ΔTmax Actuator maximum temperature < 530 ℃ 

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 
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The temperature rise Δ𝑇ave  is the average temperature rise from the room 

temperature of 20 °C and Δ𝑇max is the maximum temperature rise in the actuator. In this 

case, temperature rise can be expressed based on the material properties of silicon [52] as:  

∆𝑇ave =
𝑉2

3𝑘𝜌
=

2

3
∆𝑇max                                  (7.5) 

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 [27]. Based on equations (7.2) - (7.5), equation (7.1) can be written as: 

Uplate =
2𝛼𝑏𝐸𝑊𝑇sin𝜃  

(sin2𝜃+cos2𝜃
12𝐼

𝑊𝑇𝐿2)
𝐸𝑊𝑇

𝐿
+

𝑛2𝑚

𝐿1
2𝐶𝑧

∆𝑇ave                               (7.6) 

where each design parameter is described with its dimension in Table 7.2. From 

equation (7.6), the output displacement of the motion platform is expected to be a linear 

function of the average temperature rise in the actuator. With equation (7.5), equation 

(7.6) can be expressed as: 

Uplate =
2𝛼𝑏𝐸𝑊𝑇sin𝜃  

3𝑘𝜌(sin2𝜃+cos2𝜃
12𝐼

𝑊𝑇𝐿2)
𝐸𝑊𝑇

𝐿
+

𝑛2𝑚

𝐿1
2𝐶𝑧

𝑉2                               (7.7) 

Equation (7.7) shows that the displacement of the motion platform is also 

proportional to the square of the driving voltages, which is similar to the findings of 

previous electrothermal actuator studies [50,53]. This property can be utilized to reduce 

the coupled motion errors in the experimental section to control the motion platform 

precisely. 
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The maximum displacement of the motion platform is determined by a structural 

failure or a maximum reliable temperature of silicon. Since the structural limit is well 

described in the previous research [27], 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 [61], 600 ˚C [89], or 900 ˚C [134]. 

The lowest value among them is selected as the maximum temperature limit in this study 

for a reliable operation. The room temperature is measured as approximately 20 ˚C and 

the maximum temperature change, Δ𝑇max is set to be 530 ˚C.  

Based on the above temperature limit, the design parameters listed in Table 6.2 and 

the material properties of silicon [27], 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 motion platform are assumed to connect to a heat sink at room temperature for 

its thermal boundary condition. The maximum allowable temperature of 550 ºC 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 Fig. 6.3(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 von Mises stress, is close to 

zero in 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 deformation occurs 

in the rotational flexure hinges and plastic deformation is hardly expected with the yield 

strength of 6 to 7 GPa. This result fits well with the response of the X-stage, though not 



186 
 

the Y-stage, because the Y-stage is located inside the motion platform of the X-stage and 

has different thermal and structural boundary conditions.  

 

 

 (a)                                                                                         

 

 

(b) 

Figure 7.3: Mechanical response by the temperature rise of 530 °C in finite element analysis: (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) 

 

X 
Y 

Z 

Y 

X 
Z 
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The expected mechanical behavior of the Y-stage is shown in Fig. 7.3(b). This FEA 

is also based on the same test condition applied to the X-stage. The calculated maximum 

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 electrothermal 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 interference 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 position 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. 

7.2.2 The Z-stage 

The Z-stage is selected from out-of-plane electrothermal actuators [76,166], 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 Fig. 7.4(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 as indicated in Fig. 7.4(b). 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 Fig. 7.4(c). This diagram indicates that 
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the eccentric load bending moment can be utilized to generate the out-of-plane motion of 

the beam.  

 

(a) 

 

(b) 

 

(c) 

Figure 7.4: The design of the Z-actuator from 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) 

 

In this case, the deformation profile at pre-buckling mode or pure thermal expansion 

mode can be expressed [168] based on a fixed-fixed boundary condition as: 

y = 𝑒 [𝑡𝑎𝑛 (𝐿𝑧√
𝑃

𝐸𝐼
) 𝑠𝑖𝑛 (√

𝑃

𝐸𝐼
𝑥) + 𝑐𝑜𝑠 (√

𝑃

𝐸𝐼
𝑥) − 1]                                (7.8) 
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where, I is the area moment of inertia of the beam and the other terms are listed in 

Table 7.1. This thermal expansion by the bending moment M generates 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 convenience [2]. In order to generate 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 bucking effect [76]. The buckling is also called 

a wrinkling and commonly occurs in thin plate or long slender beams [168,169]. Since 

the two notches already determine the deformation direction, this buckling accelerates 

this deformation without changing its direction.  

 

Figure 7.5: Experimentally measured out-of-plane displacement of the Z-actuator 

 

The mechanical behavior of the Z-stage is composed of three different modes; the 

pre-buckling, the post-buckling and the plastic deformation mode. 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 buckling and the post-
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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 come back to their original positions and shows 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 7.6(a) shows the expected structural response to the external excitation for the 

temperature of 550 ºC 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 motion platform of 

the Y-stage does not show any structural deformation indicating that the floating frame in 

the motion platform performs its duty well. For stress 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 25.1 µm, so this stress distribution implies that no 

structural failure is expected in the Z-stage with the displacement of 22.91 µm. Figure 

7.6(b) also shows the mode shape of the Z-actuator at its first resonant frequency. Its 

expected resonant frequency will be 75.8 kHz and an out-of-plane deformation is 

expected. This mode shape shows that there is no structural issue in the Z-actuator related 

to the motion near its first resonant frequency. 
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(a) 

 

 

(b) 

Figure 7.6: The mechanical response of the Z-actuator: (a) the mechanical response by the 

temperature rise of 530 ºC as an external excitation, (b) the expected mode shape at its first 

resonant frequency 
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Y 
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7.3 Fabrication 

 

(a) 

 

(b) 

Figure 7.7: SEM images of the fabricated full XYZ-stage; (a) the frontal view of the XYZ-stage; 

(b) the close-up view of the lever and the actuator in the X-stage 

 

The main fabrication process of the presented XYZ-stage follows the Silicon-On-

Insulator Multi-User Multi-Processes (SOIMUMPs) [39] and uses SOI wafers as a 

starting material. 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 
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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 Cupper, 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 Fig. 6.7(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 Fig. 6.7(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 SOIMUMPs [39] and the cited studies 

[27,44,76,117,166,167]. 

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 

Fig. 7.7(a). This image was taken inside a scanning electron microscope (SEM). In Fig. 

7.7(a), the bright white color indicates the metal layer and the gray area silicon. In the 

middle of Fig. 7.7(a) is the Z-stage. The actuator in the X-stage is Fig. 7.7(b) where its 

connection to the lever. The trenches between the actuator and the motion platform are 

designed to isolate the motion platform from the actuator electrically.  

A closed-up view of the Z-stage is shown in Fig. 7.8(a) where a probe is embedded 

on the middle of the Z-stage for future applications such as micro-manipulation. Detail 

view of the electric connection over the rotational flexure hinge is also shown in Fig. 
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7.8(b). As shown in Fig. 7.8(a), the Z-stage is surrounded by the Y-stage, which is also 

surrounded by the X-stage. These images show the cascaded pattern in the nested 

structure clearly.  

 

(a) 

 

(b) 

Figure 7.8: SEM images of the fabricated XYZ-stage; (a) a close-up view of the Z-stage and the 

motion platform of the Y-stage; (b) a deposited electrical connectivity wire paths over the flexure 

link (left) and the rotational flexure hinge (right) 

 

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 
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stages in the system. The electrothermal actuators used in the Y-stage and the Z-stage 

need anchors for their proper operation, which is implemented through the floating 

frames. These floating frames are built on the device layer or the bottom layer of a SOI 

wafer as indicated by A and B in Fig. 6.9(a). The floating frame A holds the Y-stage in 

its position and supports 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. These floating supporting 

blocks are made of the handle layer in the SOI wafer, which skips additional process like 

wafer bonding or multi-layer deposition and saves the total process time. 

Remote electrical access to the Y-stage and the Z-stage are also important; direct 

connection by a conventional wire-bonding machine utilizes 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 free to move. In addition to this problem, the stiffness or the shape of the 

wire itself can distort the motion of the target stages [170]. In order to overcome these 

constraints, the embedded electric connection needs to connect the Y-stage and the Z-

stage to the external electrical power source. These electric paths are deposited on the 

device layer during the fabrication and shown in Fig. 7.7(a), Fig. 7.7(b), Fig. 7.9(a) and 

Fig. 7.9(b). This electric path is also connected over the flexure hinge as shown in Fig. 

7.8(b).  

The electrical isolation among the stages is also necessary to reduce the coupled 

motion error from any electrical current leaks among the stages. For this electric isolation, 

the trenches surround the electrothermal actuator shown in Fig. 7.8(a) or Fig. 7.8(b). 

These trenches are physical gaps on the device layer and cause the electric current to flow 
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into the designated actuator only. The floating blocks C and D hold the trenches in the X-

stage and the Y-stage, respectively.  

 

(a) 

 

(b) 

Figure 7.9: SEM images of the backside of the fabricated XYZ-stage; (a) the floating frames and 

floating blocks in the backside of the XYZ-stage; (b) the closed-up view of the floating block C 
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7.4 Experimental characterization of the MEMS 3 axis-stage 

7.4.1 The range of motion  

The maximum range of motion of the fabricated XYZ-stage is experimentally 

measured. When the operator controls the power supplies, the corresponding behaviors 

from the XYZ-stage are measured with an optical profiler (VEECO NT1100 [137]). The 

optical profiler is adjusted to have the in-plane resolution of 1 µm and the vertical 

resolution of 0.1 µm, which are 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 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 impact on this coupled motion error. 

Three experiments were performed to measure the displacement of the designated 

motion and the corresponding coupled motion errors for the X-stage, the Y-stage and the 

Z-stage separately. The experimental results are plotted in Fig. 7.10(a) for the X-stage, 

Fig. 7.10(b) for the Y-stage and Fig. 7.11(a) for the Z-stage. In order to verify equation 

(7.9), these plots have the trend lines and use V
2
 for their x-axes. The trend lines in Fig. 

7.10(a) and 7.10(b) shows that the mechanical behaviors of the X-stage and the Y-stage 

are proportional to the square of the driving voltage (V
2
) as described in equation (7.9). 

This indicates that the mathematical analysis in the previous section is valid to predict 

and control the stages motions. There is still small difference between the trend line and 

the real experimental data. One main reason for this is material properties used in 

equation (7.9); most material properties of silicon is nonlinear and temperature dependent, 

but equation (7.9) is based on constant material properties. 
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(a) 

 

(b) 

Figure 7.10: 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 7.10(a) and 7.10(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 V and 8.0 V, respectively. 

Between them, the X-stage demonstrates more than 60 μm displacement. These results fit 

well with the expected behavior from FEA in the previous section. Concerning the 
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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 pattern 

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 

observation, the coupled motion errors related to the Z-stage can be considered 

insignificant. However, the X-stage shows a repeatable motion pattern when the Y-stage 

is in its operation as shown in Fig. 7.10(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 substantially. 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 7.3. 

Table 7.3: 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 Displacement Displacement Displacement Displacement 

The X-stage 58.90 µm - Less than 0.98 µm 0.32 µm 

The Y-stage 49.15 µm 4.92 µm - 0.17 µm 

The Z-stage 22.91 µm Less than 0.98 µm Less than 0.98 µm - 
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The displacement of the Z-stage is plotted in Fig. 7.11(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 Fig. 6.11(b) with its trend line and the 

corresponding coupled motion errors. The slope of a pre-buckling mode is 0.15 μm / V 

and that of a post-buckling mode is 6.76 μm / V. 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 8.25 V 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 7.3. The coupled motion error in the X-stage by the Y-

stage is relatively 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. 
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(a) 

 

(b) 

Figure 7.11: Experimental results of the Z-axis 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) 

 

7.4.2 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 (7.7), the displacement of the motion platform 

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. 
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The whole response of the XYZ-stage can be expressed by the combination of the driving 

voltages as: 

[

𝑋 (𝜇𝑚)
𝑌 (𝜇𝑚)

𝑍 − 1.25 𝜇𝑚
] = [

0.8757 0.0755 0
0 0.7853 0
0 0 6.204

] [
𝑉𝑥

2 (𝑉)

𝑉𝑦
2 (𝑉)

𝑉 − 8.25𝑉

]                    (7.9) 

Based on equation (7.9), the expected displacement from the XYZ-stage can be 

calculated according to the input voltages. Each term in the matrix in equation (7.9) is 

extracted from the slopes of the trend lines in Fig. 7.10 and Fig. 7.11. 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 

(7.9) 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 coupled 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 (7.10), 

The components in the matrix in equation (7.9) are extracted from the slopes of the 

trend lines in Fig. 7.10 and Fig. 7.11. The offset in the Z-stage is to exclude the pre-

buckling mode and utilize the post-buckling mode only for simple analysis. When the 

driving voltages to each stage are set, the expected displacement from the XYZ-stage can 

be calculated based on equation (7.9). The matrix in equation (7.9) can have its inverse 

form and that is shown in equation (7.10). The desired position information can be used 

to calculate the appropriate input voltages by equation (7.10). Since the matrix is not a 

diagonal matrix, the coupled motion error can also be identified. 
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[

𝑋 − 𝑋𝑜𝑓𝑓 (𝜇𝑚)

𝑌 (𝜇𝑚)
𝑍 − 1.25 (𝜇𝑚)

] = [
0.8757 0.0755 0

0 0.7853 0
0 0 6.204

] [

𝑉𝑥
2 (𝑉) − 𝑉𝑜𝑓𝑓

2 (𝑉)

𝑉𝑦
2 (𝑉)

𝑉 − 8.25(𝑉)

]           (7.10) 

where Xoff is an x-directional offset and Voff is the corresponding input voltage to 

reduce coupled motion error. The relationship for Voff is Voff = 0.294Vy 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-directional 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 (7.9) can be expressed as its inverse form as equation (7.10). 

The appropriate input voltages can be calculated for the desired position information 

based on equation (7.10).  

[

 𝑉𝑥
2 − 𝑉𝑥𝑜𝑓𝑓

2 (𝑉)

𝑉𝑦
2(𝑉)

𝑉 − 8.25𝑉

]  = [
1.1419 −0.1098 0

0 1.2734 0
0 0 0.1612

] [

𝑋 − 𝑋𝑜𝑓𝑓 𝜇𝑚

𝑌 𝜇𝑚
𝑍 − 1.25 𝜇𝑚

]             (7.11) 

Figure 7.12 compares the original experimental data with this compensation based 

on equation (7.11). With this compensation, 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. 
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Figure 7.12: The compensation of the coupled motion error in the X-stage by the motion of the Y-

stage; the red dots for original behavior and blue dots for compensated behavior 

 

7.4.3 The frequency response of the proposed XYZ-stage 

The frequency responses of the XYZ-stage are measured separately for in-plane motions 

and out-of-plane motions. For the X-stage and the Y-stage, an Agilent1 Fast-Fourier-

Transform (FFT) analyzer with the frequency response measurement method [119] is 

used. With this experimental set-up, the 1st 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 [27] as expected. Based on the observation on the frequency 

responses, the presented XYZ-stage is appropriate for the operations with less than 100 

Hz frequency. Considering a force larger than a few mN level, these specifications 

indicate that the presented stages are desirable at micro-manipulation for micro-assembly 

or cell-manipulation.  

In addition to this property, 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 
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X-stage supports both the Y-stage and the Z-stage, but the Y-stage holds the Z-stage only. 

This difference from the nested structure results in different mass which is common 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, because the frequency response has a 

relationship with its stiffness and mass. The stiffness can be analytically evaluated from 

equation (7.3) and equation (7.4). In this case, a modification of the flexure design or 

adjustment of the lever ratio can be one method. Another approach to overcome 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 motions [131,164]. 

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 Analyzer [161] is utilized for 

out-of-plane responses. First resonant frequency of the Z-stage is observed at 78.3 kHz. 

This value is very close to the value calculated in FEA in section 7.2.2. However this 

value is relatively higher than the Z-stage [76], because the Z-actuator used in the XYZ-

stage is smaller than a quarter of the Z-stage described in Chapter 5. The reduction in the 

volume not only reduces its mass but also increases its stiffness, which results in almost 

20 times difference.  

7.4.4 The characteristics of the proposed XYZ-stage 

The range of motion and the frequency response of the presented stage are analyzed in 

the previous section. The presented stage demonstrates relatively larger strokes, 
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especially for the Z-motion than the stages in Table 7.1. 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.  

Table 7.4: MEMS-based positioning stages in specific cases 

Reference 

Range of motion 

(μm) 

1
st
 mode resonant 

frequency 

(Hz) 

Stiffness 

(N/m) 

Force 

(mN) 

Actuation 

mechanism and 

applications 

X Y X Y 

Lantz et al. 

2007 [37] 
± 60 ± 60 185 210 90.5 ~ 10 

Electromagnetic 

actuator 

Probe-storage 

Fowler et 

al. 2012 

[38] 

16 15 816 820 - - 

Electrostatic 

actuator 

AFM scanning 

Duc et al. 

2008 [39] 
17 11 - - 74 0.814 

Polymer actuator 

Micro-gripper 

This study 53.98 49.15 510 1060 900 ~ 4.5 
Electrothermal 

actuator 

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, 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 [171]. The nano-positioner designed for Atomic 

Force Microscope (AFM) applications has to operate at high frequency [18]. The micro-
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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 2 DOF motion stages with probes are reported to grip 

and rotate a particle of 14.8 µm diameter successfully [27]. These operations can be 

extended with the presented XYZ-stage for more delicate operations. The cooperation of 

three 2 DOF stages are reported for 6 DOF motions in MEMS [118], which also can be 

implemented by two XYZ-stage presented in this study.  

7.5 Summary 

In this chapter, 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, 3-DOF motions are obtained with 

tens of microns of strokes. This implementation shows that utilizing existing MEMS 

actuators, 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, several additional features were 

required and incorporated; (i) the embedded electric connection to control the Y-stage 

and the Z-stage inside the X-stage reliably, (ii) the electric isolation among three stages to 

prevent any motion error by leaking electrical currents, (iii) the floating frames to hold 

the embedded Y- and Z-stages in their positions for accurate motions, and (iv) 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 µm x 49.15 µm x 22.91 µm along X, Y, and Z axes respectively. 



208 
 

During this demonstration, the coupled motion error is observed but can be reduced to 

less than 1 % with the presented compensating algorithm. 

 The nested structures for the XYZ-stage prove its usefulness to achieve design 

goals with low cost and high reliability by merging already existing MEMS systems. 

When their fabrication methods are compatible with others, more 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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Chapter 8: Conclusions 

This Chapter presents the intellectual contributions and anticipated benefits from the 

work proposed in this dissertation. 

8.1 Intellectual contributions 

The research issues listed in Chapter 1 broadly aim toward building an XYZ motion stage 

through the development of a different integration approach based on existing in-plane 

motion stages and out-of-plane motion stages. In this dissertation, various issues in 

developing multi-DOF motion stages are described and their corresponding solutions are 

also given. Some important contributions are described as follows:  

1. Nested structure framework for SKM: The presented XYZ motion stage is 

implemented based on a nested structure, which is a type of SKM (serial 

kinematic mechanism). A nested structure necessitates embedding one foreign 

system into another completely as a sub-component. This approach has significant 

advantages in the implementation of a modular design concept or a “divide and 

conquer” concept. For a successful nested structure, the X-stage is designed to 

include a large motion platform. With the same pattern, the motion platform in the 

Y-stage is utilized for the Z-stage. Because these fabrication procedures for the 

engaged systems are compatible with each other, they can be integrated into one 

system for further applications. Additional features, like electrical connections 

and structural frames, are described in Chapter 4 and Chapter 5 for successful 

implementation.  

2. The other advantage of the presented motion stage is its reliability. In general, it 

takes a longer time to develop a whole new motion stage with reasonable 
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reliability than recycling existing systems. It is also hard to claim that newly 

developed systems have better performance and reliability than existing ones. 

Therefore, appropriately selected sub-modules or sub-systems can provide 

reliability in the final system and also reduce design time and efforts by avoiding 

the problems already shown in the literature review. These procedures are 

experimentally described in Chapter 6 and Chapter 7. 

3. The optimization process of the electrothermal actuator and a mechanical 

transmission: Many electrothermal actuator designs study the actuation 

mechanism itself. The presented XYZ-stage in this dissertation requires a 

relationship between a motion platform and an actuator, so the electrothermal 

actuator should be investigated under external mechanical load. In addition to this 

motion platform, a mechanical transmission needs to convert some degree of 

force from an electrothermal actuator into a large stroke. The relationship between 

the external mechanical load and the lever is analyzed in Chapters 4 and 5. Based 

on these constraints, such as an external mechanical load and a lever, the 

electrothermal actuator is optimized for a larger stroke, which is described in 

Chapter 4, and Matlab optimization algorithms [108].  

4. A new design for out-of-plane motion stage: There are not enough MEMS based 

out-of-plane motion stages to compare with each other, due to the lack of 

appropriate fabrication technologies in MEMS. In Chapter 6, a thermally actuated 

out-of-plane motion stage is designed and demonstrated by introducing step 

features to generate an out-of-plane motion with fabrication methods compatible 

with XY-stages. Considering the fact that out-of-plane actuators or motion stages 
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are rare based on bulk micromachining technologies or SOIMUMPs process [102], 

this system can be utilized for other MEMS devices to extend their capabilities.  

5. The supporting frame for the inner stages: As discussed in Chapter 2, it is unusual 

to find thermally actuated multi-DOFs MEMS stages, given their limitations; both 

ends of the actuator should be fixed firmly because its operation and thermal 

response does not perform well at a high-frequency. In order to overcome this 

issue, floating anchors are introduced by utilizing the handle layer of the SOI 

wafer. The electrothermal actuator in the inner stage should be free to move; 

otherwise this can interfere with the motions in other stages. In addition to this 

feature, a supporting frame also needs to hold the links and the levers in position. 

In addition to these, physical gaps on the front side need to be held by a 

supporting frame underneath them. These gaps are useful for thermal isolation 

among different electrothermal actuators. 

8.2 Anticipated Benefits 

This dissertation addresses the key issue of MEMS precision positioning stages for 3 

DOF motions and the possibility of an implementation approach; a nested structure with 

floating frames. As discussed in Chapter 2, the main limitation of MEMS-based motion 

stages is a relatively small travel distance and force or a lack of 3 DOF or more motions, 

including both in-plane and out-of-plane motions. It is valid for a motion stage with a 

larger workspace, it is easier to build a manipulation plan and its process would be 

simpler and faster. The XYZ-stage discussed in Chapter 7 will help manipulation 

applications for micro-meter scale objects.  
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Complex operations or multi-purpose operations are hard to implement in a single 

device in MEMS due to its limited fabrication approaches. The integration strategy 

discussed in Chapter 5 and Chapter 7 can help merge various operations into one device 

and also support the design concept; a divide and conquer algorithm [172]. The divide 

and conquer algorithm starts by breaking down the target design into sub-designs until 

these are easy to fabricate in MEMS or already exist in MEMS. These sub-designs are 

then combined together for its original purpose. For example, a MEMS-based scanning-

type sensor can be divided into two sub-designs; one is a sensor and the other is the in-

plane positioner.  

The analysis of the electrothermal actuator discussed in Chapter 4 is a useful 

resource in designing actuators under a mechanical load. Most analyses of the thermal 

actuator focus on the actuator itself, but the analysis in Chapter 4 discusses the 

optimization of the actuator under an external load and a mechanical amplifier, such as 

leverage. The analysis and simulation discussed in Chapter 4 and Chapter 5 can help 

design utilizing electrothermal actuators and a mechanical amplifier under the expected 

mechanical load. 

The coordinated manipulation demonstrated in Chapter 6 can contribute to 

dexterous operations in MEMS for micro-manipulation; the manipulation of a micron-

sized object is demonstrated by two XY-stages in Chapter 6. Gripping, rotating and 

moving operations of a micro-meter scale object are implemented by controlling the two 

probes extruded from two coordinating XY-stages. A manipulator capable of accessing 

and even rotating a micro particle is not common in MEMS. In addition to these, the 

presented XY-stage has its own motion platform for further applications. For example, 
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the probe extended from the motion stages is also beneficial to manipulation or assembly 

works and doesn’t require additional processes to implement contrary movement to a 

complex shape shown in previous research [101].  

8.3 Future Directions 

This dissertation provides a solid foundation for multi-DOF motion stages based on a 

SKM, especially a nested structure. The approaches discussed here can be extended to 

various applications by simply merging different systems through the nested structure. 

For example, a longer range of motion can be made through an XX-stage, which is a 

modification of the XY-stage where two X-stages are used to increase its range of motion 

instead of a Y-stage. In addition to this, an X(-X)-stage is also made by the X-stage and 

the (-X)-stage for bi-directional 1 DOF motion. The XYZ stage is also utilized by 

replacing the Z-stage with a sensor. In this case, this can be a 2 dimensional scanner for 

metrological applications. 

 

Figure 8.1: A hexapod for 6 DOF motion based on three XY-stages [118] 
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1. Micro-gripper: In Chapter 7 the XY-stage is extended into the XYZ-stage by 

embedding the Z-stage in the middle of the XY-stage. Instead of the Z-stage, a 

micro-gripper can be utilized. In this case, the final system will be a micro-gripper 

system with 2 DOF in-plane motions. In this case, the pick-move-and-release 

operation is possible without any external help. There are various micro-grippers 

and 2 DOF motion stages in MEMS, but it is rare to find one having simultaneous 

gripping and moving capabilities due to the lack of appropriate MEMS fabrication 

methods.  

2.  Long range motion: In Chapter 3 and 4, we have introduced the X-stage and its 

optimization for a large stroke or a sensitive motion. Among them, the longer 

range of motion can be implemented through the different combinations for the 

XY-stage. Instead of having the Y-stage perpendicular to the X-stage, the same 

X-stage can be utilized (called an XX-stage). In this case, the range of motion will 

increase proportionally to the number of engaged X-stages. The more X-stages 

that are integrated, the larger the stroke this stage is able to generate without 

optimizing the X-stage itself. 

3. The XY-stage with embedded sensors: In Chapter 5 we have introduced the XY-

stage and in Chapter 6, it was shown how this XY-stage can be extended into the 

XYZ-stage. This indicates that the XY-stage has room for the Z-stage or other 

instruments. Instead of the Z-stage, a sensor compatible with SOI-MUMPs can be 

adapted for further applications. This sensor can be an AFM tip or TIM. The same 

electric connection or isolation can be utilized. If the sensor is not sensitive to any 

thermal change, this can be utilized to scan the surface of an object.  



215 
 

4. A three-finger manipulation system based on three XY-stages: The XY-stage 

generates in-plane motion on the XY plane. When three XY-stages are engaged 

together with probes, this system can provide a three-finger manipulation system 

on the XY plane as shown in Fig. 8.1. The three-finger manipulation system is 

expected to manipulate an object with more of a variety of motions. 

5. A hexapod: A hexapod is a sort of Stewart platform generating 6 DOF motions 

[118]. By incorporating three XY-stages and one motion platform, 6 DOF motion 

can be established which is similar to the three-finger manipulation system.  

 

Figure 8.2: Three finger manipulation system 

 

6. Motion stages with heterodyne actuators: Almost identical actuators have been 

used in various MEMS motion stages. It is hard to find motion stages composed 

of electrothermal actuators and electrostatic actuators. When they are fully 

isolated, various actuation mechanisms can be merged together into a single 

system. For example, an XYZ-motion stage can be based on thermally actuated X 
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and Y stages and an electrostatically actuated Z-stage. In this case, the Z motion 

corresponds at high speeds and the X and Y motion does at low speeds. Different 

actuation mechanisms have their own advantages and disadvantages, so a 

combination of them without significant problems can widen their applications to 

various fields. 
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Glossary 

AFM  Atomic Force Microscopy 

CTE  Coefficient of Thermal Expansion 

DOF  Degree Of Freedom 

DRIE   Deep Reactive Ion Etching 

FEA  Finite Element Analysis 

MEMS  Micro-Electro-Mechanical System 

MRI  Magnetic Resonance Imaging 

OpenCV  Open source Computer Vision library 

PKM   Parallel Kinematic Mechanism 

SEM  Scanning Electron Microscopy 

SKM   Serial Kinematic Mechanism 

SOI-MUMPs  a Silicon-On-Insulator Multi-User Multi-Processes 

SOI    Silicon-On-Insulator 

TEM  Transmission Electron Microscopy 

VS  Plastic Viscosity 

YS  Yield Stress 
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