
ABSTRACT 

POLIT, SEBASTIAN. Development of a High Throughput Nano-Positioning System with 
Applications in Micro-Manufacturing. (Under the direction of Dr. Jingyan Dong). 

This document consists of three different parts.  The first one presents the design of a single 

degree-of-freedom high-bandwidth high-precision nano-positioning module for high-

throughput nano-manufacturing applications. Compared with widely used lumped-

compliance mechanisms (using notch flexure hinges) and distributed-compliance 

mechanisms (using compliant flexure beams), this nano-positioning module adopts a hybrid 

compliant-notch flexure-based structure. This flexure design decouples the performance 

requirements for the structural bandwidth and parasitic accuracy that are correlated in the 

lumped-compliance mechanisms and distributed-compliance mechanisms. The parallelogram 

hybrid compliant-notch flexure enables simultaneous achievement of a higher structural 

bandwidth and a smaller parasitic motion. The behavior of the nano-positioning module is 

analyzed theoretically with respect to its design parameters and performance objectives. 

Finite element analysis is also performed to study the dynamic responses and parasitic 

displacement of the designed nano-positioning module. The results from the theoretical and 

FEA analysis demonstrate the effectiveness of the hybrid compliant-notch flexure design 

over commonly used compliant mechanisms and notch flexure hinge based mechanisms, 

especially when a high structural bandwidth is required for high-throughput nano-

manufacturing applications.  



The second part is the development of a high throughput two dimensional nano-positioning 

stage using the previously developed nano-positioning modules as building blocks. Two 

nano-positioning modules are assembled together and two additional double clamped beams 

are integrated to the system in order to produce the desired device. The new integrated beams 

provide high stiffness to the system, while the hybrid modules decoupled the two axis 

displacement. As a result, a high bandwidth system that is capable of providing well 

controlled independent displacement in two dimensions is obtained. Theoretical analysis is 

presented to explain the design parameters and their effect in the system’s behavior. FEA 

analysis is performed to simulate and optimize the system, and to confirm the results 

obtained in the theoretical analysis. Manufacturing and assembly processes are described and 

the manufactured final device is tested using high bandwidth piezoelectric actuator and 

capacitance sensors to complete the assembly. Static and dynamic responses are then 

experimentally tested and the desired high throughput required for the possible applications 

is verified.  

Finally, a new micro-manufacturing application using the developed nano-positioning stage 

is performed. A proposal for a novel micro-milling process is presented and tested to verify 

the applicability of the developed nano-positioning system. Optimal machining parameters 

are suggested for specific given conditions, and a micro-machining methodology is 

developed. Then, different samples are machined to demonstrate the effectiveness of the 

proposed process in producing complex features with relatively high efficiency and quality.   



The entire document shows the design of the one dimension nano-positioning modules as 

building blocks, their integration to develop a two dimension nano-positioning stage, and one 

of its possible applications in micro-manufacturing.  
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CHAPTER 1: INTRODUCTION 

Micro and nanotechnology have become increasingly important for the industry over the 

recent years. Broadly, the term nanotechnology means “the study, development and 

processing of materials, devices and systems in which structure on a dimension of less than 

100 nm is essential to obtain the required functional performance” [1].  As a reference, the 

raw human eye can resolve features of around 20 um, it is 2x104 nm. Nanotechnology is 

experiencing this fast development due to the high demand of low cost complex products 

with low requirements in energy and materials. Miniaturization is in fact an effective way to 

decrease the products’ requirements for material and energy, and potentially lead to cheap 

production processes with almost no waste of resources.  

Currently, nanotechnology has been applied to many increasingly important industries. For 

example, it is used in advanced optics to machine the mirrors used in X-ray telescopes that 

require nanometer accuracy. In addition, micro-features machined in integrated circuits are 

common in electronic industry. In a word, nanotechnology has been successfully applied to 

fields that go from aerospace industry, computer disks and semiconductor devices, to 

medicine, biotechnology and environmental protection industries.   

For many applications in this broad field, from micro manufacturing to scanning and sensing, 

nano-positioning capabilities with high speed and submicron accuracy of motion are 

required. For example, scanning X-ray microscopes use high throughput micro-positioning 

stages to scan the sample surface [2]. In addition, high precision three degrees-of-freedom 



 
2

nano-positioning systems (X, Y, θ) are required in submicron lithography [3]. In micro-

machining in particular, atomic force microscopes (AFM) using high speed nano-positioners 

have been used to scratch metal surface at nanometer scale [4].  

Some work has been done to develop high speed and accuracy micro-positioning stages. For 

instance, a novel parallel kinematic mechanism for integrated, multi-axis nano-positioning 

has been proposed in [5] and [6]. However, the continuously developing nano-scanning and 

nano-manufacturing applications for these devices in current industry, such as AFM scanners 

or nano-manufacturing through atomic manipulation, require throughputs that have not been 

achieved yet. For this reason, the development of novel devices that can achieve such 

characteristics is an active and important field of research.  

In this document, the design of a new nano-positioning stage that can achieve the 

characteristics required for the modern micro-scanning and micro-manufacturing applications 

is presented and one of its possible specific applications is proposed. First of all, a novel 

nano-positioning hybrid module capable of achieving the required throughput for such 

applications is proposed. After successfully designed and tested, these new developed nano-

positioning modules are used as building blocks for the development of a new 

multidimensional nano-positioning stage. Finally, with all the data obtained from extensive 

analyses and testing of this stage, the new system is proposed to be used in a specific 

application for micro-manufacturing.  
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For the first part, flexure structures and parallel mechanisms concepts are integrated to design 

the mentioned one degree of freedom (1 DOF) nano-positioning module. High speed and 

nanometer accuracy are the two main characteristics that this new design is focused on 

achieving. Theoretical analysis and FEM simulation are used to verify the effectiveness of 

this new design regarding the required characteristics.  

In the second part, additional elements are integrated to these modules and are combined to 

generate a high throughput two degrees of freedom (2 DOF) nano-positioning stage. This 

new system is successfully designed, analyzed theoretically, tested through FEM simulation 

and finally experimentally tested in the laboratory. For the experimental tests, piezoelectric 

actuators and capacitance sensors are used to generate the desired displacement and register 

the obtained output respectively. The three used analyses, e.g. theoretical, FEM and 

experimental analyses verify the good mechanical characteristics of this new design. A 

closed loop configuration is also attempted using a DSP-based (Digital Signal Processing 

based) motion controller and the possibility of operating the new nano-positioning system in 

this configuration with good throughout is also verified.  

For the last part, and as a possible application, the designed nano-positioning system is used 

in a new proposed manufacturing technique. A proposal of micro-milling using sharp 

tungsten tips as cutting tools, and the developed nano-positioning stage to generate the tool-

sample motion is presented and the obtained results from practical experiments are used to 

verify the achievable speed, accuracy and quality of this new process.   
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The system is used to replace the traditional spindle used in normal milling that is a bottle 

neck when trying to miniaturize this process. The previously obtained experimental data are 

used to calibrate the system’s trajectory and speed so that the recommended parameters to 

obtain the best possible surface finish under the experimental conditions (e.g. tip-sample 

material combination) are found for this new micro manufacturing technique.   
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CHAPTER 2: Single degree of freedom nano-positioning module 

2.1 Introduction 

Positioning with nanometer level resolution and accuracy is critically important for many 

modern technologies, especially in the fields of micro and nanotechnology. Micro/nano-

positioning systems are widely used in various applications, such as optical alignment [7, 8], 

scanning probe microscope [2, 9], and micro/nano-manufacturing [3, 10, 11, 12, 13]. The 

majority of practical nano-positioners utilize flexure-based structures, such as compliant 

mechanisms and notch flexure-based mechanisms, due to their smooth and friction-free 

motion and high durability without wear and deterioration. Piezoelectric actuators and high 

resolution displacement sensors are widely used with flexure-based mechanisms to obtain 

displacement with nanometer level resolution. Among the flexure-based mechanisms, 

parallelogram mechanisms restrict all rotational degree-of-freedom of the connector (end-

effector) and  keep the connector parallel to the base, because of the equal lengths for their 

cranks and followers (the members connected to the base). In spite of rotation of the crank 

and the follower, the connector undergoes pure translation along a circular path. Due to this 

feature, the parallelogram mechanism can be directly used as a single degree-of-freedom 

nano-positioning module. Such nano-positioning modules can be easily configured as 

building blocks to build a multi-degree-of-freedom nano-positioner. The parallelogram 

mechanism has also been used in many other applications, such as delta–robots [14] and 

other low degree-of-freedom parallel kinematics nano-positioning stages [15, 5, 6, 16].   
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Structural frequency (open-loop bandwidth) becomes a critical requirement for the nano-

positioner in high-throughput nano-manufacturing and metrology applications. Most of 

nanoscale manipulators and manufacturing processes have extremely fast speed. For 

example, the micro cantilevers that are used in scanning probe microscopes [17, 18, 19, 20, 

21] and dip-pen nano-lithography [22, 23, 24] have bandwidths over 10-100 kHz. Fast 

manipulation and manufacturing processes place increasingly demanding performance 

requirements on nano-positioning systems. The slow response speed of nano-positioners 

(normally <500 Hz) becomes a bottle neck for achieving the high-throughput nano-

manufacturing.  

The structural bandwidth of the nanopositioner can be improved through increasing the 

structural stiffness and decreasing the mass of the flexure structure. However, for the widely 

used flexure-based structures, such as compliant mechanisms and notch flexure-based 

mechanisms, the bandwidth and accuracy does not scale well with the parameters of the 

flexure structures (e.g. their dimension and stiffness). Simply scaling up the dimensions of 

the flexure components will bring severe side effect (e.g. parasitic rotary motion of the end-

effector). As the stiffness of the flexure-based mechanism is increased to achieve higher 

bandwidth, the parasitic motion of the system will increase as well, due to the undesired 

stress distribution and non-linear elastokinematic effects [25] over the mechanism when the 

dimension of the flexure components is scaled up. New concepts need to be developed for 

achieving high bandwidth and high-accurate nano-positioners. 
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In this chapter, a hybrid compliant-notch flexure-based single degree-of-freedom nano-

positioning module is designed for achieving the desired mechanism with high structural 

bandwidth (i.e. natural frequency), while keeping the parasitic motion at a very low level. 

This flexure design decouples the performance requirements for the structural bandwidth and 

parasitic accuracy that are correlated in the lumped-compliance mechanisms and distributed-

compliance mechanisms. The designed parallelogram hybrid compliant-notch flexure 

mechanism enables simultaneous achievement of a higher structural bandwidth and a smaller 

parasitic motion. Results from finite element analysis demonstrate the effectiveness of this 

hybrid compliant-notch flexure over widely used compliant mechanisms and notch flexure 

mechanisms, especially when a high bandwidth is needed from the flexure mechanisms. The 

resulted one degree-of-freedom nano-positioning modules can be used as building blocks for 

multi-degree-of-freedom (XY, XYZ) micro/nano-positioning and manufacturing 

applications. By assembling two or more nanopositioning modules together, customized 

multiple degrees-of-freedom systems can be built conveniently for variant applications. 

2.2 Comparison between different single degree-of-freedom flexure mechanisms 

Parallelogram four-bar linkages and parallelogram multi-linkages mechanisms are widely 

used in applications where the orientation of the effector needs to be fixed and the angular 

motion needs to be eliminated. Commonly used configurations for parallelogram 

mechanisms include lumped-compliance flexure systems (notch flexure hinges based 

systems) and distributed compliance flexure systems (compliant beam-based systems). 

However, such mechanisms do not scale well when high bandwidth is desired.    
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Figure 1: Different configurations of single degree-of-freedom flexure structures. (a) Lumped- 

compliance flexure. (b) Distributed-compliance flexure. (c) Hybrid compliant-notch flexure design.  

As shown in Figure 1(a), the lumped compliance flexure consists of multiple parallel linkages 

that connect the connector to the base. Ideally, by using the parallelogram linkages, the 

connector only undergoes translational motion. In this configuration, the displacement of the 

mechanism is completely attributed to the rotational deflection of the flexure hinges that are 

treated as single axis rotary joints. This configuration helps to decrease the undesirable 

parasitic rotary motion due to the relatively easy kinematics obtained with the lumped 

compliance, especially when the flexure hinges can be treated as the ideal single-axis rotary 

joints. However, the natural frequency that can be achieved from this type of mechanism is 

generally not as high as other parallelogram flexure mechanisms, because the stiffness of the 

lumped compliance mechanism is provided purely by the flexure hinges, and lots of 

redundant mass (parallel linkages) does not contribute to the structural stiffness at all. An 

attempt to increase the structural bandwidth of the system is through increasing the thickness 
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of the flexure hinges, so as to obtain a larger structural stiffness. Although the main objective 

(high bandwidth) can be achieved in this way, the parasitic motion at the end-effector of the 

resulted mechanism will increase considerably, because the assumption that a flexure-hinge 

based joint is very close to an ideal rotary joint is not valid when the dimension of the flexure 

joint is too large. As a result, the natural frequency of the lumped-compliance flexure 

mechanism is increased at the cost of increasing the parasitic motion and sacrificing the 

positioning accuracy.  

For the distributed compliance module (Figure 1(b)), there are no separate notch-flexure 

hinges. The structural stiffness is provided through the multiple parallelogram compliant 

beams, which is evidently an advantage considering the achievable structural frequency, 

because all the parallel compliant beam structures contribute to the stiffness of the 

mechanism. In addition, the mass of the system can be reduced based on the effective-mass 

theory that applies to the cantilever beams. As a result, the effective moving mass in the 

device is reduced, which results in a higher natural frequency. The multi-beam parallelogram 

flexure mechanism also provides better tolerance to the manufacturing error of its compliant 

components, due to the elastic averaging effect in the distributed-compliance mechanism [16, 

25]. In spite of above advantages, the distributed-compliance mechanisms tend to produce a 

larger parasitic rotation (Abbe/sine errors) than the lumped-compliance mechanisms. Since 

there are no notch-based flexure hinges, the deformation comes from the compliance of the 

parallel beams. The deformation is nonlinear and coupled between the vertical and lateral 

directions. It is difficult to guarantee that the connector’s orientation is exactly parallel to the 
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base. As a result, a large undesired parasitic rotation is generated. For this configuration, a 

high structural frequency can be achieved through increasing the width of the beam, T. 

However, larger beam width indicates larger nonlinearity in its deformation and larger 

parasitic motion. Generally, the distributed compliance configuration is capable of achieving 

a high bandwidth, but the parasitic motion is very large and the accuracy is not satisfactory.  

A hybrid compliant-notch flexure-based mechanism is introduced in this chapter for 

simultaneous achievement of the high structural frequency (open-loop bandwidth) and the 

reduced parasitic error, as shown in Figure 1(c). The moving connector (end-effector) is 

connected to the base through circular flexure hinges followed by parallel compliant beams. 

Each linkage in the parallelogram flexure includes a compliant beam and a circular flexure 

hinge at the end of the beam. The parallel beams provide the high structural stiffness of the 

studied system, while the flexure hinges help to relief the undesired stress concentration at 

the end of the beams and make the connector orient to the base very well. The effective 

moving mass in this scheme is divided in two parts. The first part considers the effective 

mass of the parallel beams, and the second part considers the complete mass of the top 

effector. In this way, the hybrid compliance configuration is capable of achieving high 

structural bandwidth. With similar dimension of the flexural components, the bandwidth of 

the hybrid compliant-notch flexure-mechanism is comparable to that in the distributed 

compliance flexure-mechanism, but much larger than that in the lumped-compliance flexure-

mechanism. Moreover, the parasitic rotations (Abbe/sine errors) of the end-effector are 

significantly lower than those from the distributed compliance flexure-mechanism, even 
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better than the lumped compliance flexure-mechanism when the bandwidth of the 

mechanism is high enough. The advantage of this hybrid compliant-notch flexure 

configuration is the decoupling of two contradicting performance specifications (i.e. 

structural bandwidth and parasitic Abbe/sine error). The hybrid flexure mechanism can be 

designed with high bandwidth (by increasing the beam width), and at the same time very 

small parasitic motion error (by decreasing the thickness of the notch flexure hinge) can be 

obtained. With this configuration, a device with high open-loop bandwidth and low parasitic 

motion error can be designed to satisfy the requirements of many high-precision and high-

rate applications. The trade-off of this hybrid flexure design is its relatively small range-of-

motion compared with the distributed compliance flexure mechanism, due to the large 

rotational motion of the notch-flexure-hinges in this mechanism required to obtain the same 

end-effector displacement. However, this disadvantage can be compensated by designing 

flexure-hinges with small thickness, so as to enlarge the maximum allowed rotational motion 

of the flexure-hinges and to increase the overall displacement range of the mechanism.  

2.3 Analysis of hybrid compliant-notch flexure mechanism  

In the hybrid compliant-notch-flexure-based mechanism, there are two types of compliant 

components: compliant beams and notch-flexure hinges. The hybrid design tries to 

incorporate the advantages of the distributed-compliance flexure mechanism and the lumped-

compliance flexure mechanism to achieve the high structural bandwidth with low parasitic 

error. The stiffness of the hybrid compliant-notch flexure mechanism can be derived through 

beam theory, and the natural frequency can be estimated using the effective mass [26] of the 
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beams plus the mass of the top linkage. The stiffness of a single beam is described as 

follows:  

𝑘 = 𝐸𝑤𝑇4𝐿  
(2.1) 

 
where E is Young’s modulus of the material of the compliant structure, w is the device 

thickness, T is the beam width, and L is the length of the beam. Since the new design has 

multiple (3) beams as a multi-parallelogram structure, the overall stiffness is as follows: 

𝐾 = 𝑛𝑘 = 𝑛 EwT34L3   and  𝑛 = 3.  

The design parameters for the single-axis circular flexure hinge are shown in Figure 2.  

 

Figure 2: Parameters for notch flexure hinges design 

The rotary compliance of the flexure hinge can be estimated by equation 2.2 from [27].   
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𝑐 = 1𝑘 = 𝛼𝑀 = 32𝐸𝑤𝑅 12𝛽 + 𝛽 𝑥 (2.2)

1 + 𝛽𝛾 + 3 + 2𝛽 + 𝛽𝛾. (2𝛽 + 𝛽 ) . 1 − (1 + 𝛽 − 𝛾) + 6. (1 + 𝛽)(2𝛽 + 𝛽 ) . 𝑡𝑎𝑛 2 + 𝛽𝛽 𝑥 (𝛾 − 𝛽)1 − (1 + 𝛽 − 𝛾)  

Where β = t/2R; γ = h/2R; E is the Young’s Modulus of the material of the flexure hinge; αz 

is the angular deformation of the hinge about Z-axis in radians and Mz is the external bending 

torque applied to the flexure hinge. In the parallelogram mechanism, when the end-effector 

of the mechanism is actuated, all the flexure hinges undergo the same deflection, thus the 

rotary stiffness from the flexure hinges is  𝐾 = 𝑛 = 𝑛𝑘  .   

The overall stiffness of the mechanism can be derived through the principle of virtual work. 

The actuation force of the flexure mechanism not only displaces the parallel compliant 

beams, but also rotary flexure hinges at the end of the beam. In order to correctly predict the 

stiffness of the mechanism, the relationship between the end-effector displacement and the 

angular displacement of the hinges in the parallelogram mechanism has to be derived.  
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Figure 3: Illustration of the hybrid compliant-notch flexure mechanism. 

As shown in Figure 3, a force is applied to the end-effector to generate a displacement of Δd 

at the end-effector and also at the tip of the parallel beams. Since the end-effector is parallel 

to the base, the flexure hinges absorb the rotary deflection of the cantilever beam, thus the 

rotational angle of the hinge is equal to the deflection angle at the tip of the beam. When the 

deflection is small compared with the size of the mechanism, which is the case for 

micro/nano-positioning, the beam deflection angle and the rotary angle of the flexure hinges 

is given [27] as follows: 

∆𝜃 ≈ 32 ∆𝑑𝐿  
(2.3)

 When the structure is actuated, the work done by the actuator is balanced by the energy 

stored in the beams and the flexure hinges. Using the principle of virtual work: 
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12 𝐹∆𝑑 = 12 𝐾 (∆𝑑) + 12 𝐾 (∆𝜃)  (2.4)

Here θΔ is the rotation angle of the flexure hinge. Simplifying equation 2.4 to express Δd in 

terms of the actuation force and flexure parameters, we obtain 

∆𝑑 = 𝐹𝐾 + 2.25 𝐾 /𝐿  (2.5)

The equivalent structural stiffness of the mechanism Km is described by 𝐾 = 𝐾 +2.25 𝐾 /𝐿  . The maximum stress inside the compliant beams and the flexure hinges should 

always be kept within the proportional limit (yield strength) for the flexure mechanism to 

function properly. Such maximum stress imposes a limit on the maximum achievable 

displacement of the designed flexure mechanism. Since the flexure hinge has much higher 

stress concentration than the compliant beam, the maximum achievable displacement of the 

mechanism is generally limited by the maximum stress of the flexure hinges. The maximum 

stress inside the mechanism should be within its yield strength to avoid the plastic 

deformation of the compliant beams and hinges. Therefore the maximum bending torque that 

can be applied to a flexure hinge is:  

𝑀 = 2𝜎 𝐼𝑡  
(2.6)
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where Imin = wt3/12, which is the smallest moment of inertia of the flexure hinge about the 

rotation axis; σp is the stress limit. The motion range limit of a flexure hinge maxzα −  and the 

maximum displacement of the mechanism maxdΔ corresponding to the maximum bending 

torque are: 

𝛼 = 𝑀 𝑐  (2.7)

∆𝑑 = 23 𝛼  𝐿 (2.8)

For the new hybrid module design, the design parameters are shown in Figure 1(d) and 

Figure 2, where t = 0.5mm, R = 1mm, w =10mm and L = 30mm. Stainless steel is used to 

fabricate the micro-positioning module. The rotation limit of the rotary hinge is 𝛼 =±0.0038 radians, which indicates a maximum motion range of 76 microns. 

For the parallel cantilever beam, the maximum stress occurs at the fixed end with the 

maximum stress to be  𝜎 = 𝜎 = . The maximum displacement that the beam 

undergoes before failure is: 

∆𝑑 = 2𝜎 𝐿3𝐸𝑇  
(2.9)

The beam design parameters are shown in Figure 1(d), where T = 4.5 mm, and L = 30mm. 

The maximum motion range from the maximum stress concentration at the beam is about 
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160 microns, which is larger than the maximum displacement limited by the flexure hinge. 

The flexure hinge has a higher stress concentration than the compliant beam, and its 

maximum stress limits the maximum achievable displacement of the overall mechanism. 

Using the derived structural stiffness, the resonant frequency of the mechanism can be 

estimated.  In the flexible cantilever beam system, the effective mass is used to simplify the 

structural dynamic analysis. Similar idea of the effective mass can be used here to analyze 

the dynamic behavior of the hybrid compliant-notch flexure-based mechanism. The effective 

mass of the parallelogram linkage is Meff =c×Mlink; here c is the coefficient of the effective 

mass with a numerical value 33/140 from [26]. The overall moving mass of the system 

includes the mass of the end-effector and the effective mass from the multiple parallelogram 

compliant beams, M = Meff+Mc. The dominant resonant frequency can be express as follows:  

𝑓 = 12𝜋  𝐾𝑀 = 12𝜋  𝐾𝑀 + 𝑀  
(2.10)

For this specific mechanism design, a theoretical resonant frequency about 3088.6 Hz is 

obtained. 

2.4 Results from finite elements analysis  

FEM (Finite Element Method) analysis is performed to verify the design objectives of the 

hybrid compliant-notch flexure-based mechanism, and to compare the differences among the 
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hybrid flexure mechanism, the distributed-compliance mechanism, and the lumped-

compliance mechanism.  

The finite element model of the designed mechanism has the boundary condition similar to 

the actual assembly. The base linkage is fixed in all directions. The actuation force is applied 

to the end-effector as shown in Figure 3. The FEM simulation is performed using COMSOL. 

The material of the mechanism is set to be stainless steel (AISI 302). 

First, finite element analysis for the three different flexure configurations of the micro/nano-

positioning module is performed to compare their performance with respect to the bandwidth 

and the parasitic motion. To evaluate the structural bandwidth capabilities, the dimensions 

for the flexure hinges and compliant beams used in the three flexure configurations are 

chosen to be the same, so as to give a fair comparison. 

 

Figure 4: Dominant resonant modes for the three flexure configurations. 
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As shown in Figure 4, the hybrid flexural mechanism can achieve a much higher structural 

bandwidth than the lumped compliance module (> 3kHz versus 475 kHz), without increasing 

the parasitic Abbe/sine error. 

Table 1: Model parameters used in Figure 4: Dominant resonant modes for the three flexure 

configurations. 

Module configuration T (mm) L(mm) w(mm) R(mm) t(mm)

Lumped Compliance flexure 4.5 30 10 1 0.5 

Distributed Compliance flexure 4.5 30 10 n/a n/a 

Hybrid flexure 4.5 30 10 1 0.5 

   

With the same flexure configuration, the distributed compliance flexure achieves the highest 

natural frequency, which can be explained by the different boundary conditions compared 

with hybrid flexural mechanism. In the hybrid flexural mechanism, due to the existence of 

the flexure hinges (rotary joints), the parallel compliant beams behave as free cantilever 

beams. However, in the distributed-compliance flexure, since the orientation at the end of the 

parallel beams is constraint by the end-effector, the parallel compliant beams act as guided 

cantilever beams (S-shape) with larger structural stiffness. But as it in shown in Figure 4 and 

Figure 5, the parasitic Abbe/sine error becomes unacceptable using this distributed-

compliance configuration. The parasitic error can be identified as the orientation change of 
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the end-effector in the distributed-compliance flexure in, where the end-effector is no longer 

parallel to the base.   

To demonstrate the scalability of the structural bandwidth in these three flexure mechanisms, 

the relationship between the obtained structural bandwidth and the other important design 

objective (i.e. accuracy or parasitic Abbe/sine error) of these flexure mechanisms are studied. 

By changing the design parameters of flexural components in these mechanisms (beam width 

T in the distributed-compliant flexure, hinge width t in the lumped-compliant flexure, and  

beam width T in the hybrid flexure for a fixed hinge width t (t=0.5mm. and t=1mm.) ), the 

corresponding dominant structural frequencies through eigen-frequency analysis for all three 

flexure configurations can be obtained. 

 

Figure 5: Structural frequency vs. parasitic Abbe/sine error for different configurations. 
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For each set of design parameters, an actuation force is applied to the mechanism to obtain a 

given displacement in the actuation direction. The parasitic Abbe/sine error is measured at 

the end-effector. Figure 5 demonstrates this relationship between the designed structural 

bandwidth and the corresponding parasitic rotation error (Abbe/sine errors) of the end-

effector for these three flexure designs.  In Figure 5, the higher structural bandwidth is 

achieved by increasing the size of the flexure hinge (for the lumped-compliance flexure) and 

the compliant beam (for the distributed-compliance flexure and the hybrid flexure 

mechanism). Clearly with a similar device volume, the achievable structural bandwidth of the 

lumped-compliance flexure is lower than the distributed-compliance flexure and the hybrid 

flexure, due to excess mass from the linkages. For the lumped compliance-flexure and 

distributed-compliance flexure, when the resonant frequency is scaled up, the parasitic 

rotational errors increase rapidly because of the nonlinear deformation and undesired stress 

distribution of the compliant components. In the hybrid flexure mechanism, the structural 

frequency is increased by enlarge the dimension of the compliant beams. The dimension of 

the flexure hinges is unchanged and is set at a range so that the behavior of the flexural 

hinges is still close to the ideal rotary joints. Such ideal rotary joints make the end-effector 

orient to the base very well and effectively decrease the parasitic Abbe/sine error. As the 

results, the hybrid flexure design gives extremely small parasitic error, as shown in Figure 5. 

The parasitic rotation error is almost independent from the structural bandwidth when the 

size of the flexure hinges is fixed. As we increase the size of the flexure hinge (hinge width t 

change from 0.5mm to 1mm), the parasitic rotation error get increased too, since the flexure 
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hinges become less like ideal rotary joints. But the parasitic rotation error is still almost 

constant and independent of the structural bandwidth. In other words, the two important 

performance specifications, structural bandwidth and parasitic error, are decoupled in the 

hybrid flexure design. This feature of the hybrid flexure mechanism becomes a big advantage 

over the widely used distributed-compliance flexure and lumped compliance flexure 

mechanisms, in which structural bandwidth and parasitic error are two conflicting 

performance requirements, and it is difficult to satisfy these requirements at the same time.  

With this advantage, the hybrid configuration provides the flexibility to be configured for 

simultaneously achieving the objectives of the high structural bandwidth and low parasitic 

error. The structural frequency can be improved through increasing the beams width, while 

the undesirable parasitic motion can be controlled by choosing the proper size of the notch 

flexure hinges. 

Eigen-frequency analysis is performed using FEM to estimate the natural frequencies of the 

resulted hybrid flexure design. Figure 6 shows the first two dominant mode shapes for the 

system; different color indicates the different displacement in the vibration mode. The first 

mode (dominant mode) has a frequency of 3146 Hz which corresponds to the desired 

translational motion of the flexure module. This value is close to the structural frequency 

predicted by the theoretic analysis (3088.6 HZ). The second mode at a frequency of more 

than 15 kHz is related to the dynamics of a single compliant beam, and is difficult to be 

excited by the actuation effect.  



 
23

The modal frequency is much higher (5 times) than the desired translational mode of the 

flexure module, which indicates much higher stiffness (25 times) to displace and excite such 

undesired motion. 

The elastic operating range can be found from the maximum stress inside the flexure system. 

In Figure 7, the displacements obtained from the system by applying different driving forces 

are plotted against the maximum von Mises stress. From the Figure 7, considering the elastic 

limit of the material as 240 MPa, the maximum displacement that the system can achieve 

without producing plastic deformation is 71µm with an actuation force of 297 N.  

 

Figure 6: Modal shapes of 1st and 2nd modes. (a) 1st mode (3146 Hz) (b) 2nd mode (15512 Hz) 

Figure 8 shows the von Mises stress and total displacement distribution over the structure 

when the maximum driving force is applied.  
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Figure 7: The maximum Von Mises stress with respect to displacement. 

From the stress distribution it can be seen that stress concentration occurs in the hinge 

regions and along the edge of the compliant beams.  

 

Figure 8: (a) Stress distribution and (b) Stress distribution at a flexure hinge, (c) total displacement 

distribution (multiplied by 40).  
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Moreover, the stress distribution in the hinge shows that the dominant deformation in the 

flexure hinge is the bending around the Z axis direction, since the maximum stresses are 

located on the side surfaces of the hinge. It is also shown in Figure 8(c) that the deformation 

of the designed mechanism agrees with the motion of parallelogram mechanisms. The 

displacement of the end-effector is translational motion along the x-axis with negligible 

parasitic rotation.  

One potential disadvantage of the hybrid compliant-notch flexure over the distributed 

compliance-flexure is its relatively low stiffness in the Z direction, due to the additional 

flexure hinge structures. Even though the system is not designed to be used under heavy load, 

there will be some loads in Z axis from its own weight, the sample and sample holder’s 

weight, and the force from the manufacturing processes. As part of the FEM analysis, the 

out-of-plane stiffness is estimated for these two flexure configurations. A load in Z-direction 

is applied to the end-effector of the mechanisms, and the Z-displacement and out-of-plane 

stiffness are estimated. From FEM analysis, the degradation of the out-of-plane stiffness of 

the hybrid flexure is only about 10% with a stiffness of 1.55x107 N/m, compared with the 

distributed-compliance flexure with the Z-stiffness of 1.82x107 N/m. Considering the small 

load in the micro/nano-manufacturing applications, such degradation of the Z-stiffness is not 

significant. 
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2.5 Application of the hybrid flexure modules 

The high-bandwidth high-accuracy hybrid flexure-based nano-positioning modules can be 

applied to a variant of applications. A single hybrid flexure module can be used as a one 

degree-of-freedom nano-positioner. Such nano-positioning modules can also be configured to 

build a multi-degree-of-freedom nano-positioner. By directly assembling two nano-

positioning modules orthogonal to each other, a XY positioning system can be built 

conveniently with low cost (Figure 9(a)).  

Besides its direct usage in micro/nano-positioning, parallelogram flexure mechanisms are 

widely used as the basic building blocks for many low degree-of-freedom parallel kinematic 

stages, such as XY and XYZ micro/nano-positioning stages [12, 14, 15]. Figure 9(b, c) 

demonstrate two examples of parallel kinematic XY stage design. 

In these designs, parallelogram mechanisms restrict all rotational degree-of-freedom of the 

end-effector, and they are the basic constituent units in these stage designs. The hybrid 

flexure modules can be applied as parallelogram mechanisms to achieve better structural 

bandwidth and positioning accuracy. Figure 9(d) shows a fabricated nano-positioning XY 

stage with the scheme from Figure 9(c) adopting the hybrid flexure mechanism. 

In this specific design, the hybrid flexure mechanism is designed to have T = 1.5mm, L = 

19mm, t = 0.5mm, R = 0.5mm, w =10mm. The natural frequency of the overall device is 

estimated by FEM analysis and verified experimentally. 
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Figure 9: (a) Two dimensional (XY) micro-positioning system. (b) Scheme of parallel kinematic XY 

stage design using parallelogram mechanisms [15]. (c) Another XY stage design with prismatic joints 

and parallelogram mechanisms [28]. (d) A high bandwidth XY stage implemented from scheme (c). 

A frequency test is performed on this device and the natural frequency of the device is 

recorded. A very high structural frequency (>8k Hz) is obtain from such XY stage design. 

More detailed information about this system is presented in Chapter 3, which is devoted to 

the design, analysis and testing of this new hybrid flexure XY mechanism.  
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2.6 Conclusions 

This chapter introduces the design of a new single degree-of-freedom high-bandwidth high-

precision hybrid compliant-notch flexure-based nano-positioning module for high-throughput 

nano-manufacturing applications. Compared with widely used lumped-compliance 

mechanisms and distributed-compliance mechanisms, the hybrid flexure module adopts a 

hybrid flexure structure that is composed of compliant beams and notch-flexure hinges. This 

hybrid flexure design decouples the performance objectives for the structural bandwidth and 

parasitic accuracy that are correlated in the lumped-compliance flexure and distributed-

compliance flexure. The parallelogram hybrid compliant-notch flexure enables 

simultaneously achieving a higher structural bandwidth and a smaller parasitic motion.  

The behavior of the hybrid flexure-based nano-positioning module is analyzed theoretically 

with respect to its design parameters and performance objectives. The results from the 

theoretical analysis and FEM analysis demonstrate the effectiveness of the hybrid flexure 

design over the widely used compliant mechanisms (lumped-compliance mechanisms and 

distributed-compliance mechanisms), especially when a high structural bandwidth is desired 

for high-throughput nano-manufacturing applications. The resulted nano-positioning modules 

demonstrate great flexibilities and applicability for nano-positioning applications by 

providing the basic building blocks for complex multi-degree-of-freedom serial kinematic 

and parallel kinematic micro/nano-positioning systems. The next chapter is devoted to the 

design, analysis and testing of a 2 DOF nano-positioning system using these modules as 
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building blocks, and chapter 4 presents a specific application of this new design in 

micro/nano-manufacturing.  

The material contained in this chapter has been already accepted for publication by Journal 

of Manufacturing Systems, and was presented in “Proceedings of the 2009 Industrial 

Engineering Research Conference”, Miami, Florida, June 2009 [29]. 
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CHAPTER 3: Two degrees of freedom nano-positioning system 

3.1 Introduction 

Micro/nano-positioning systems with nanometer level resolution and accuracy are critically 

important for micro and nanotechnology. Nano-positioning stages are widely used in various 

applications, such as scanning probe microscope [2, 9], micro/nano-manipulation and 

manufacturing [3, 10, 11, 12, 13], and optical alignment [28]. The majority of the state-of-art 

nano-positioners utilize flexure-based structures, due to their smooth and friction-free motion 

and high durability without wear and deterioration. Piezoelectric actuators and high 

resolution displacement sensors are widely used with flexure-based mechanisms to obtain 

displacement with nanometer level resolution.   

A high natural frequency (open-loop bandwidth) is a critical requirement for nano-

positioners in high-throughput nano-manufacturing and nano-metrology applications. Most 

of nanoscale manipulators and manufacturing processes have extremely fast speed. For 

example, the micro cantilevers that are used in scanning probe microscopes [17, 18, 19, 20] 

and dip-pen nano-lithography [22, 23] have bandwidths over 10-100 kHz. Fast manipulation 

and manufacturing processes place increasingly demanding performance requirements on 

nano-positioning systems. The slow response speed of nano-positioners becomes a bottle 

neck for achieving high-rate nano-manufacturing and nano-metrology (e.g. high-speed 

imaging). A high-speed nano-positioning system can significantly increase the manipulation 

and manufacturing efficiency. High precision and high accuracy are also essential for nano-
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scale manipulation and manufacturing. Closed-loop control is very important to obtain the 

required precision and accuracy. The achievable closed-loop bandwidth of a flexure-based 

nano-positioning system is generally limited by the resonant frequency of the nanopositioner 

due to the low damping characteristics of such flexure-based systems. A nano-positioning 

system with high natural frequency provides better performance capabilities for achieving a 

large bandwidth of the closed-loop control system.  

The structural bandwidth (i.e. natural frequency) and accuracy are often contradictive 

performance requirements for a multiple degree-of-freedom flexure-based nano-positioner. 

The natural frequency of a flexure device can be improved through increasing the structural 

stiffness and decreasing the moving mass of the flexural structure. However, for the widely 

used flexure-based structures (e.g. compliant mechanisms and notch-flexure-hinges), simply 

scaling up the dimension of flexure components will bring severe side effect (e.g. parasitic 

rotary motion of the end-effector). As the stiffness of the flexure-based mechanism is 

increased for higher bandwidth, the parasitic motion of the system will increase as well, due 

to the undesired stress distribution and non-linear elastokinematic effects [25] over the 

mechanism when the dimension of the flexural components is scaled up. The high-bandwidth 

structures need to be designed carefully to minimize the parasitic motion for achieving high-

bandwidth and high-accurate nano-positioners.  

There are many previous efforts in developing high-speed scanners. A mechanical resonator 

(tuning fork) [29] were used as the scanning stage for a fast scanning axis. The provided 

motion from this approach is limited to mechanical vibration and incapable of precise 
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position control over the stage displacement. Ando and his team [30, 31] utilized stiff piezo-

stack actuators to build XY positioning stages with high resonance frequency with limited 

motion range and operated these stages at open-loop mode. These stages were used in an 

atomic force microscopy to obtain real-time imaging of biomolecular processes.  Schitter et. 

al. [32] developed a high-speed scanner based on compact flexures and actuated by piezo-

stack actuators. Each axis is equipped with two actuators that are configured in a push-pull 

configuration. Leang et. al. [33] developed a high speed serial kinematic XY scanner for 

scanning probe microscope, in which the two axes are connected together in serial, in which 

one axis is carried by the other.  As a result, one axis has a faster response than the other and 

the performances of the two axes are different from each other. Such configuration works 

better for line-by-line scanning applications in scanning probe microscopy than general 

purpose nano-positioning applications. 

Parallel kinematic designs have been adopted in many micro/nano-positioning stages [34, 35, 

36, 37, 5, 38, 39]. Compared with serial kinematic designs, parallel kinematics mechanisms 

can achieve a uniform performance inside the workspace. Furthermore, if appropriately 

designed, PKMs can result in configurations with nearly complete decoupling of the 

actuation effect and better positioning accuracy. Micro-positioning stages based on the 

parallel kinematic mechanism with different degree-of-freedom [40, 35, 36, 37, 5, 38, 39] 

demonstrate good performance capabilities in their motion range and resolution.  However, 

high bandwidth is still a challenging issue for such mechanisms, since the required high 
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bandwidth cannot be simply obtained by scaling up the dimension of flexure components due 

to the requirement for high accuracy.  

In this chapter, a high bandwidth XY nano-positioning system is designed and tested. The 

high-speed nano-positioner is expected to address applications such as high-throughput 

nanoscale metrology, imaging and manufacturing. The developed system is intended to 

achieve a high natural frequency while keeping the parasitic motion as low as possible.  

A parallel kinematic mechanism is designed with two independent kinematic chains that 

connect the base to the end-effector in parallel. Each kinematic chain includes a prismatic 

joint that is actuated by a piezoelectric stack actuator and a parallelogram hybrid flexure 

mechanism. The parallelogram hybrid flexure mechanism is connected to the end-effector or 

the table. Each axis allows only planar translation with actuation in a single direction. The 

two kinematic chains are placed orthogonal to each other, thus spanning the XY plane. 

Kinematic and dynamic analyses show that the mechanical structure of the stage has 

decoupled motion in XY direction and has achieved high bandwidth.  

Finite element analysis is adapted to verify the kinematic and dynamic responses from 

theoretical analysis. Two capacitive gauges were added to the system to build a closed-loop 

nano-positioning system. The results from frequency tests show that the resonation 

frequencies of the dominant vibration modes are over 8 kHz. The stage is capable of about 15 

microns of motion along each axis with a resolution of about 1 nanometer. Due to the parallel 

kinematic mechanism design, a uniform performance is achieved across the workspace. A PI 
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(Proportional-Integral) controller is implemented for the stage and a closed-loop bandwidth 

of 2 kHz is obtained. 

3.2 Mechanical design and kinematic analysis 

 

Figure 10: (a) Mechanical structure of the XY nanopositioning system (b) Schematic representation 

of the system (deformed system when x axis is actuated) (c, d) Equivalent linkage of the parallel 

kinematics XY stage for the purpose of analysis at the nominal position and under actuation. 

The design of the XY stage is schematically shown in Figure 10. In this parallel kinematic 

design, there are two independent kinematic chains that connect the end-effector to the base. 

Each kinematic chain includes two serial connected joints: a prismatic joint that provides 
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pure translational motion and a parallelogram mechanism that provides rotary displacement 

while holding the orientation of the end-effector invariant. The orientation of the two chains 

is arranged in a way such that the prismatic joints are perpendicular to each other, 

kinematically decoupling the two actuated joints to the maximum extent possible. The two 

kinematic chains are identical to each other, which results in identical dynamics of the stage 

along any direction in the XY plane. Due to the symmetric configuration of the kinematic 

chains, the stage has the same stiffness and bandwidth in the XY plane, thus possess uniform 

performance in its workspace. The parallelogram mechanism restricts all rotational degree-

of-freedom of the end-effector. The parallelogram compliant mechanism has equal lengths 

for its beams and maintains parallelism between the connector and its base. As a result, the 

connector undergoes pure translation along a circular path. When the stage is actuated in one 

direction by the prismatic joint of that chain, the resulting motion of the end-effector is 

accommodated by the other kinematic chain by an angular displacement at the parallelogram 

compliant mechanism. 

 

Figure 11: Illustration of the hybrid compliant-notch parallelogram flexure module. 
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To implement this mechanism design, the prismatic joints are replaced by doubly-clamped 

beams as linear guides, and they are actuated by piezoelectric actuators. The doubly-clamped 

beams have large compliances in the actuation direction and a very large stiffness in the 

lateral direction. The parallelogram mechanism is implemented by a hybrid compliant-notch 

flexure (Figure 11), in which each linkage includes a compliant beam and a circular flexure 

hinge at the end of the beam. The parallel beams provide high structural stiffness to the 

studied system, while the flexure hinges help to relief the undesired stress concentration at 

the end of the beams and make the connector orient to the base very well. Compared with 

widely used lumped-compliance mechanisms (using notch-flexure-hinges) and distributed-

compliance mechanisms (using compliant-flexure-beams), the hybrid flexure decouples the 

performance requirements for the structural bandwidth and parasitic accuracy that are 

correlated in the lumped-compliance mechanisms and distributed-compliance mechanisms 

[36]. The parallelogram hybrid flexural structure enables simultaneous achievement of a 

higher structural bandwidth and a smaller parasitic motion. 

To simplify the kinematic analysis of the mechanism, virtual links are used to represent the 

kinematic model. Adding a link between the base and connector of a parallelogram 

mechanism does not change its mobility, provided that this link has the same length as the 

other links and is parallel to them. Thus a virtual link is used to represent the parallelogram 

mechanism. The simplified kinematics model is shown in Figure 10 (c) and (d). The link 

AA1 and link BB1 represent two prismatic joints with an initial length d0 and this length will 

be changed along with actuation effect. The link TA1 and link TB1 represent virtual links 
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with a fixed length L. Here the motion of point T completely represents the motion of the 

end-effector, because it only undergoes pure translation. 

For the kinematic analysis, the relationship between actuation displacement, which is linear 

displacement of two prismatic joints, and the displacement of the stage, needs to be found. In 

Figure 10, the coordinates of point O are chosen as the origin (0, 0), then the position where 

the kinematics chains connected to the base are A (0, d0+L), B (d0+L, 0). The nominal 

position for the table in this coordinate system is (d0+L, d0+L). After the prismatic joints are 

actuated to dx and dy, the coordinates at the end of the joints are A1 (dx, d0+L), B1 (d0+L, dy). 

The coordinates of the new position of the table T now can be solved as the length of the 

second joints remain the same. Let the position of the stage be (x,y), under the assumption of 

small displacement of the parallel beam, which is validated by micro/nano-positioning 

applications,  we have 1 1TB TA L= = , which satisfy the relationships given in equations 3.1 

and 3.2.   

(𝑥 − 𝑑 ) + (𝑦 − 𝑑 − 𝐿) = 𝐿  (3.1)

𝑦 − 𝑑 + (𝑥 − 𝑑 − 𝐿) = 𝐿   (3.2)

Differentiating equations 3.1 and 3.2 with respect to x and y at the operation points, we get 

the instant relationship between the actuation displacement xdΔ  and ydΔ and the displacement 

of the end-effector xΔ and yΔ  through its Jacobian matrix. 
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∆𝑑∆𝑑 = 1 00 1 ∆𝑥∆𝑦  
(3.3)

∆𝑥∆𝑦 = 𝐽 ∆𝑑∆𝑑 = 1 00 1 ∆𝑑∆𝑑  
(3.4)

 

Here, 

𝐽 = ⎣⎢⎢⎢
⎡ 𝛿𝑥𝛿𝑑 𝛿𝑥𝛿𝑑𝛿𝑦𝛿𝑑 𝛿𝑦𝛿𝑑 ⎦⎥⎥⎥

⎤ = 1 00 1  

(3.5)

The diagonal Jacobian matrix in equation 3.5 indicates a decoupled motion in X and Y 

directions around the operational point, when the device undergoes a small displacement 

relative to the overall dimensions of the stage (which is just the case for the nano-positioner). 

The effect of crosstalk between different axes (at the first order of approximation) is zero. 

One actuator will generate displacement in X direction and the other in the Y direction. 

The actuation force from the actuator not only displaces the doubly-clamped beam and 

parallelogram compliant beams, but also the rotary flexure hinges at the end of the 

parallelogram beam. To correctly predict the total displacement and dynamic behavior of the 

mechanism, the relationship between the angular deflection of all the hinges and the position 



 
39

of table need to be derived. As shown in Figure 11, when an actuation effect is applied to the 

mechanism, a displacement of Δd is generated at the end-effector and also at the tip of the 

parallel beams. Since the end-effector is parallel to the base, the flexure hinges absorb the 

rotary deflection of the cantilever beam, thus the rotational angle of the hinge is equal to the 

deflection angle at the tip of the beam. When the deflection is small compared with the 

overall size of the mechanism, which is the case for micro/nano-positioning, the beam 

deflection angle and the rotary angle of the flexure hinges is given as follows: 

∆𝜃 ≈ 32 ∆𝑑𝐿  
(3.6)

When one axis is actuated by a displacement of dΔ , the parallelogram compliant structure on 

the other axis will also be displaced by dΔ to decouple the motion between the two axes. 

Thus, we have 

∆𝜃 ≈ 32 ∆𝑦𝐿  (3.7)

∆𝜃 ≈ 32 ∆𝑥𝐿  (3.8)

These equations give the relationship between the displacement of the end-effector and 

rotation angle of flexure hinges. Since such displacements are relatively small compared to 

the overall dimensions of the mechanism, the relationship between the angular deflection of 
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the hinges in the hybrid parallelogram flexure and the displacement of the end-effector can 

be linearized with Jacobian matrix, J1 and its inverse, J1-inv. 

∆𝜃∆𝜃 = 𝐽 ∆𝑥∆𝑦 = 𝐽 . 𝐽 ∆𝑑∆𝑑  (3.9)

where 

𝐽 = ⎣⎢⎢⎢
⎡𝛿𝜃𝛿𝑑 𝛿𝜃𝛿𝑑𝛿𝜃𝛿𝑑 𝛿𝜃𝛿𝑑 ⎦⎥⎥⎥

⎤
 

(3.10)

From differentiating Equations 3.7 and 3.8 with respect to xd and yd , inverse Jacobian matrix J1-inv is 

given by: 

𝐽 = 0 32𝐿32𝐿 0  

(3.11)

3.3 Structural and dynamic analysis 

In each axis of the designed mechanical structure, there are three mechanical components 

connected together, a doubly-clamped beam that act as a linear guide, a parallelogram 

compliant flexure with multi-beams, and flexural hinges at the end of the beams. The 
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actuation force is applied in the middle of the doubly-clamped beam by piezoelectric 

actuators.  

The overall workspace of the stage is defined by the stiffness of the mechanism and the 

actuation force that is applied by the piezoelectric actuator. The stiffness of the doubly-

clamped beam is given by  

𝐾 = 192𝐸𝐼𝐿 = 16𝐸𝑤𝑇𝐿  
(3.12)

Where I is the beam’s moment of inertia calculated from 𝐼 = , E is the Young’s 

Modulus of the structural material (i.e. stainless steel), w is the device thickness (8.76 mm), 

Tdb is the width of the doubly-clamped beam ( 5.1 mm), and Ldb is the length of the beam 

(46.5 mm).  

For the beams in the hybrid parallelogram flexure, since the flexure hinges absorb the rotary 

deflection at one end of the beams, the beams behave as free cantilever beams with a 

stiffness of:  

𝑘 = 𝐸𝑤𝑇4𝐿  
(3.13)
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where T b is the beam width (1.68 mm), and Lb is the length of the compliant beam (19 mm). Since 

multiple (3) beams are used as a parallelogram structure, the overall stiffness being n=3 is as follows: 

𝐾 = 𝑛𝑘 = 𝑛 𝐸𝑤𝑇𝑏34𝐿𝑏3  
(3.14)

One-dimensional circular flexure hinges are used in the stage design as rotary joints. The rotary 

stiffness of the hinge is given by [27], 

𝑘 = 𝑇𝜑 = 2𝐸𝑇9𝜋 𝑡𝑅  
(3.15)

where t is the neck thickness of the flexure hinge (0.5 mm), R is the radius of a flexure hinge 

at the neck (0.5 mm), and T is the height of the flexure hinge or the device thickness (8.76 

mm). In the parallelogram mechanism, when the end-effector of the mechanism is actuated, 

all the flexure hinges undergo the same deflection, thus the rotary stiffness from the flexure 

hinges is z zK nk= . 

When the device is actuated, the work done by the actuator is balanced by the energy stored 

in the hinges and the beams. From the principle of virtual work: 

12 𝐹 ∆𝑑 + 12 𝐹 ∆𝑑 = (3.16)



 
43

12 𝐾 (∆𝑑 ) + 12 𝐾 ∆𝑑 + 12 𝐾 (∆𝑥) + 12 𝐾 (∆𝑦) + 12 𝐾 (∆𝜃 ) + 12 𝐾 ∆𝜃  

This equation can be expressed in matrix form: 

𝐹 ∆𝑑𝐹 ∆𝑑 = 𝐾 00 𝐾 + 𝐾 00 𝐾 + 𝐾 00 𝐾 (𝐽 . 𝐽) ∆𝑑∆𝑑  
(3.17)

where xF and yF are actuation force for X and Y axes. Assuming only one axis (X) is actuated,   we 

have 
2

2 2 23
2x x db x b x z xF d K d K d K d

L
⎛ ⎞Δ = Δ + Δ + Δ⎜ ⎟
⎝ ⎠

, thus 
22.25

x
x

z
db b

Fd KK K L

Δ =
+ +

. The 

overall stiffness of the system is given by  

𝐾 = 𝐹∆𝑑 = 𝐾 + 𝐾 + 2.25 𝐾𝐿  (3.18)

From this specific design, the total stiffness is K = 39.5E6 N/m, while the doubly-clamped 

beam contributes more than 95% of the total stiffness. 

The maximum stress inside the compliant components (e.g. beams and flexure hinges) should 

always be kept within the proportional limit (yield strength) for the flexure mechanism to 

function properly. Such maximum stress imposes a limit on the maximum achievable 

displacement of the designed stage. The maximum stress inside the mechanism should be 

within the yield strength of the material used to avoid the plastic deformation of the 
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compliant beams and hinges. For a flexure hinge, the maximum bending torque that can be 

applied to is:  

𝑀 = 2𝜎 𝐼𝑡  
(3.19)

where Imin = wt3/12, which is the smallest moment of inertia of the flexure hinge about the 

rotation axis; σp is the stress limit. The motion range limit of a flexure hinge maxzα −  and the 

maximum displacement of the mechanism maxdΔ corresponding to the maximum bending 

torque are: 

𝛼 = 𝑀 𝐶  (3.20)

∆𝑑 = 23 𝛼 𝐿 (3.21)

For the parallel cantilever beam, the maximum stress occurs at the fixed end with the 

maximum stress to be 𝜎 = 𝜎 = . The maximum displacement that the beam 

undergoes before failure is: 

∆𝑑 = 2𝜎 𝐿3𝐸𝑇  
(3.22)
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For the double-clamped beam, the maximum stress occurs at the fixed end and the middle of 

the beam with the maximum stress to be 𝜎 = 𝜎 = . The maximum displacement 

that the beam undergoes before failure is: 

∆𝑑 = 𝜎 𝐿12𝐸𝑇  
(3.23)

The maximum achievable displacement of the device is defined by 

max max maxmin( , , )z b dbd d d− − −Δ Δ Δ . For this specific design, stainless steel is used to fabricate the 

nano-positioning stage. The rotation limit of the rotary hinge is 𝛼 =±0.0029 𝑟𝑎𝑑𝑖𝑎𝑛𝑠, which indicates a maximum motion range of 36 microns. The maximum 

motion from the parallel cantilever beams and double-clamped beams are 171 microns and 

51 microns respectively. It is clear that the maximum stress concentration is located in the 

flexure hinges, and that the maximum displacement is bounded by their behavior. 

Since compliant flexural springs are used in the structure, the device has negligible friction 

and hence almost no damping. As an undamped multiple-degree-of-freedom system, 

Lagrange’s Equations are used to calculate both the vibration modes and natural frequencies. 

Lagrange’s equation (equation 3.24) states that the variation of the kinetic energy and 

potential energy plus the line integral of the virtual work done by non-conservative forces 

during any time interval t1 to t2 must be equal to 0. 
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𝑑𝑑𝑡 𝜕𝑇𝜕�̇� − 𝜕𝑇𝜕𝑞 + 𝜕𝑉𝜕𝑞 = 𝑄 , 𝑖 = 1,2, . . . 𝑁 
(3.24)

where, T represents the total kinetic energy of the system, V is the potential energy which 

includes both strain energy and the potential of any conservative external forces, where qi 

represent linearly independent generalized coordinates, Qi represents generalized non-

conservative forces, and N is the number of generalized coordinates, which is also equal to 

the number of DOF of a system (two for this designed stage). Assuming the hinges as perfect 

springs, and without considering any non-conservative forces, a multiple degree-of-freedom 

harmonic oscillator is expected. The stage has 2 generalized coordinates which we will 

conveniently use as the axes directions x and y of the table (that undergoes no rotations). For 

free vibrations of the stage, since there are no external or dissipative forces,  Qi = 0.  From 

the kinematics of the stage, it is given that p J qΔ = Δ  where, [ ], Tp x yΔ = Δ Δ  and 

,
T

x yq d d⎡ ⎤Δ = Δ Δ⎣ ⎦ .  

The kinetic energy in the system is the summation of the energy of the double-clamped 

beams, parallelogram flexure beams and the end-effector.  Although these beams experience 

both translational motion and rotation, utilizing the effective mass, the structural dynamic 

analysis can be simplified by assuming such cantilever beams undergoes pure translation 

with the effective mass. The effective mass of the parallelogram linkage and double-clamped 

beams can be expressed by mb =c×Mb, and mdb =c×Mdb where c is the coefficient of the 
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effective mass with a numerical value 33/140 from [36].  The total kinetic energy in the 

system is given by: 

𝑇 = 𝑇 + 𝑇 + 𝑇 = 12 [𝑣 𝑣 ]𝑀 𝑣𝑣 = 12 [𝑣 𝑣 ] 𝑀 00 𝑀 𝑣𝑣  (3.25)

where ,   x yv x v y= Δ = Δ& &    

Here M is the mass distribution matrix with  

𝑀 = 𝑚 , + 𝑀 , + 𝑚 , + 𝑀 = 𝑐𝑀 + (1 + 𝑐)𝑀 + 𝑀  (3.26)

and  

𝑀 = 𝑚 , + 𝑀 , + 𝑚 , + 𝑀 = 𝑐𝑀 + (1 + 𝑐)𝑀 + 𝑀  (3.27)

The potential energy in the system is given by the energy stored as elastic deformation of the 

hinges and compliant beams. The strain energy of a flexure hinge deformed by an angle of 

Δθ  is 21
2

V k θ= Δ , and in a compliant beam deformed by a displacement Δd  is 21
2

V k d= Δ .  

Here k is the stiffness of the flexure hinge and compliant beam. For this mechanism, the 

energy stored in the double-clamped beam when the table has moved by [ ],p x yΔ = Δ Δ  is 

given by:  
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𝑉 = 12 𝐾 [∆𝑑 ∆𝑑 ]. ∆𝑑∆𝑑 = 12 𝐾 [∆𝑥 ∆𝑦]. [𝐽 𝐽 ] ∆𝑥∆𝑦  (3.28)

The energy stored in the parallelogram beams when the table has moved by [ ],p x yΔ = Δ Δ  is 

given by:  

𝑉 = 12 𝐾 [∆𝑥 ∆𝑦]. ∆𝑥∆𝑦  (3.29)

and the energy stored in the flexural hinges is: 

𝑉 = 12 𝐾 [∆𝜃 ∆𝜃 ]. ∆𝜃∆𝜃 = 12 𝐾 [∆𝑥 ∆𝑦]. [𝐽 𝐽 ]. ∆𝑥∆𝑦  (3.30)

Therefore the total potential energy in the system is given by:  

𝑉 = 𝑉 + 𝑉 + 𝑉 = 12 [∆𝑥 ∆𝑦]. [𝐾 𝐽 𝐽 + 𝐾 𝐽 𝐽 + 𝐾 𝐼]. ∆𝑥∆𝑦  (3.31)

Differentiating equations 3.25 and 3.31 and inserting them into equation 3.24, the dynamics 

equation from the stage is given as: 
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𝑀 00 𝑀 ∆�̈�∆�̈� + [𝐾 𝐽 𝐽 + 𝐾 𝐽 𝐽 + 𝐾 𝐼]. ∆𝑥∆𝑦 = 0 𝑜𝑟 (3.32)

   
𝑀 00 𝑀 ∆�̈�∆�̈� + 𝐾. ∆𝑥∆𝑦 = 0   

Thus, it is a 2-DOF harmonic oscillator.  The eigenvectors of 1M K− will give the modal 

directions for the system and the corresponding eigenvalues λi, give the corresponding modal 

frequencies 1
2i if λ
π

= . Based on the design of the compliant flexural components and the 

numerical values for the different matrices, the modal directions along X and Y directions 

and a main resonant frequency of 7130 Hz are found. 

3.4 Design Considerations for a high-bandwidth stage  

The kinematic scheme presented in the previous section had to be adapted for physical realization of a 

flexure-based, parallel kinematic nano-positioning stage. The monolithic stage structure that includes 

a doubly-clamped beam and a parallelogram hybrid flexure module for each axis is fabricated on a 

wire-EDM (Electrical Discharge Machining) machine. To achieve a high-bandwidth, the mechanical 

structure needs to have a large stiffness and large natural frequency. Besides the required high overall 

mechanical stiffness, the stiffness needs to be distributed to different compliant components properly 

to achieve the performance requirements on bandwidth and accuracy. The kinematic analysis assumes 

that the doubly-clamped beam is a linear guide and provides linear displacement. However, this 

assumption is valid when the stiffness of the doubly-clamped beam is much larger than the stiffness 
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of the parallelogram flexure mechanism. Otherwise the parallelogram flexure mechanisms that 

connect the end-effector to the two doubly-clamped beams cannot completely decouple the behavior 

between the two kinematic chains. As results, the doubly-clamped beams are designed to have a large 

stiffness while the parallelogram flexure mechanisms are designed to have a large compliance to 

decouple the two axes displacements. On the other hand, the parallelogram flexure mechanisms still 

need to have a minimum stiffness to support the end-effector and make sure the local vibration modes 

will not deteriorate the overall natural frequency of the device.  

Piezoelectric actuators were chosen because of their high bandwidth, high resolution and 

simple structure. The actuation direction is normal to the doubly-clamped beam that the 

actuator is attached to as shown in Figure 10 (a). To achieve a desired displacement range of 

15x15 microns, two piezoelectric actuators (blocking force of 1600 N, maximum 

displacement of 28 µm, maximum voltage of 150 V) were chosen for this stage to provide the 

actuation forces for the two axes. The actuator has an unloaded resonant frequency of 50 kHz 

and a capacitance of 1800 nF. The piezoelectric actuators are assembled in-between the 

doubly-clamped beam and the base by preloading the doubly-clamped beam. The restoring 

force holds the actuator in position and provides the preload force for the actuator. The 

electrical components of the nano-positioning system also limit the maximum achievable 

bandwidth of the system. Due to the capacitance of the piezoelectric actuator, it takes time 

for the piezo-amplifier to fully charge the capacitor to reach the desired actuation voltage. 

Large current and high power is generally required for the piezo-amplifier to achieve a high 

operation speed and large bandwidth of the overall system. Piezo-amplifiers with the 
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maximum current of 1A and output voltage of -30V to 150V are selected to drive the 

actuator.   

Capacitive sensors (Probe 2805 and Gauging Module 8810 by ADE Technologies, range +/-

5μm, bandwidth 10 kHz with analog output of +/-10 V) are used as displacement sensors to 

directly sense the motion of the end-effector. The targets for the capacitive sensors are 

provided by a cubical metal block with two polished orthogonal surfaces, mounted on to the 

bottom of the end-effector. The sensors are fixed to the base to measure displacement by 

sensing the change in capacitance due to the motion of a metal target block on the end-

effector. As non-contact sensors, they do not contribute to load, friction or wear. Further, the 

setup and calibration are relatively easy and the resolution obtained is significantly higher 

than most other types of displacement sensors. 

The stage assembly is constructed by mounting the target block, capacitive probes and 

piezoelectric actuators on to the monolithic flexure structure. The assembled device is shown 

Figure 10 (a).  

The final dimensions of the different parts depend on the specific applications. Keeping the 

characteristics explained in this section, the stiffness of the system can be adjusted as desired 

considering also the achievable working space (maximum displacement). A pre-design of the 

system is achieved through theoretical analysis, while the final dimensions are set after 

verifying the system’s behavior using FEM analysis. Then, the piezoelectric actuator 
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maximum force must also be considered to guarantee that it is capable of providing the 

required actuation force for the specific designed system.  

3.5 Finite Elements Analysis and Results  

In this section, FEM (Finite Element Method) analysis is performed to verify the design 

objectives of this high-bandwidth XY nano-positioning system. The FEM simulation is 

performed using COMSOL software. The global stiffness, required actuation force, and the 

maximum achievable displacement of the system, as well as its stress distribution are studied 

using static analysis. Then, the dynamic behavior of the device, such as vibration modes and 

their corresponding resonant frequencies are obtained from the dynamic analysis. The finite 

element model of the designed mechanism has the same boundary conditions to the actual 

assembly where all the unmovable parts are full constrained. The actuation force is applied to 

the middle points of the double-clamped beam. The material of the mechanism is set to be 

stainless steel with Young’s modulus E = 205 GPa and Poisson’s ratio = 0.28. 

The static analysis is performed by applying the desired punctual load to the middle of the 

doubly-clamped beam and observes the displacement and stress of the stage. The stiffness of 

the mechanism and the linearity of the displacement can be estimated in this way. Figure 12 

provides the relationship between the actuation force and the corresponding displacement of 

the end-effector from the FEA.  
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Figure 12: Stage displacement under different actuation force. 

The results fit into a line very well, which indicates the good linearity of the stage response. 

The slope of the fitted line (i.e. stiffness of the mechanism) is 4.13 E7 N/m, which is close to 

the theoretic analysis.  

When the actuation force is applied to the mechanism, it can be observed from the stress 

distribution diagram that the two ends and the middle of the doubly-clamped beam as well as 

the flexure hinges have the highest stress concentration (Figure 13). 
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Figure 13: (a) Stress distribution of the deformed mechanism with deformation magnified by 100. (b) 

Stress distribution around the flexure hinges. 

The actuation effect and the corresponding displacement of the mechanism need to be inside 

the elastic operating range such that the maximum stress of the structure is below the yield 

stress of the material.  From the finite element analysis, a maximum actuation force of 1500 

N and a maximum displacement of 36.3 µm can be obtained from the stage. These results 

validate the theoretical mechanical analysis in the section 3.2 and 3.3. The parasitic 

Abbe/sine error is evaluated by measuring the orientation of the connector, which ideally can 

carry translational motion in XY direction. When the axis is actuated with the maximum 

actuation force and the largest displacement, the parasitic orientation error is as small as 3E-3 

degrees. This small parasitic error comes from the mechanism design in which the compliant 

parallelogram hybrid flexure mechanisms decouple the crosstalk between the two axes.  
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Figure 14: Vibration modes and their corresponding frequencies. 

The vibration modes and corresponding natural frequencies of the stage are also analyzed by 

FEA. Figure 14 shows the six most dominant mode shapes for the system. Among these 

modes, the first two modes are related to the displacement of the end effector that is 

generated from the actuation effect. These two modes are the translational modes, which 

correspond to the in-phase and out-of-phase displacements of the two actuators and result in 

a displacement of the end-effector in two perpendicular directions. The modal frequencies 

are slightly different because of the small differences in the end-effector displacements that 
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occur when the parallelogram hybrid flexures bend in the same directions or in different 

directions.  

The other four modes are related to the lateral dynamics of the parallelogram hybrid flexure 

mechanisms, and they are not directly related to the actuation behavior. These local vibration 

modes correspond to a mode that is roughly 6 times stiffer than those associated with the 

desired XY motions. This is attributed to the parallel kinematics XY stage design which 

besides producing a relatively high natural frequency associated with the dominant modal 

directions (the desired translational DOF in XY plane), also provides for large separation 

between the modes associated with the desired motion and other high-order modes. The 

dominant model has a resonant frequency of 7411 Hz, which verify the theoretical analysis, 

and provide high potential for fast operation and high-throughput. 

Even though micro/nano-manufacturing applications are not associated with heavy load, 

there will be some loads in Z axis from the sample and sample holder’s weight and the force 

from the manufacturing processes. The structure is desired to have a large stiffness in Z-

direction and small out-of-plane motion. As part of the FEM analysis, the out-of-plane 

stiffness is estimated by applying a load in Z-direction to the end-effector of the mechanisms, 

and recording its Z-displacement.   

An out-of-plane stiffness of 3.62 MN/m is obtained for the system. Considering the small 

load in the micro/nano-manufacturing application, the system has enough Z-stiffness to 
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withstand the manufacturing process without producing considerable displacements in this 

direction. 

 

Figure 15: Out of plane displacement under Z load. 

3.6 Experimental results 

The fabricated device was evaluated in its static and dynamic behavior, and compared with 

the theoretical and FEA results.  The steady state displacement of the stage under different 

driving voltage is shown in Figure 16. The actuation voltage is given to one axis (X), and the 

displacements from both axes are recorded. An almost linear relationship is obtained between 

actuation voltage and displacement of the actuated axis. A total displacement of 12 microns 

is achieved for the stage. The cross-coupling effects are negligible. When one axis (X) is 

fully actuated, the cross-coupling motion is only 0.2% from the other axis (Y). Such small 
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cross-coupling comes from the mechanism design that decouples the motion in the X and Y 

directions. 

 

Figure 16: (a, c) Experimentally measured static displacement with respect to actuation voltage for 

one axis. (b, d) Cross-coupled displacement from the other axis. 

The positioning error from the cross-coupling can be easily compensated by a closed-loop 

controller. The performance (displacement and cross-coupling) is almost identical when Y 

axis is actuated due to the symmetrical design of the mechanism. In the experiments results, 
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the hysteresis from the piezoelectric actuators can be observed from the open-loop step 

response from Figure 16 (a, b)). The total workspace of the stage is about 15x15microns in 

the XY directions.  

Resolution is an important performance for a nano-positioning system. In this flexure-based 

system, reference signals in XY directions are directly controlled, there is no error from 

kinematic interpolation. The resolution is primarily restricted by noise. Due to the low 

damping of the mechanical structure, this high frequency noise will vibrate the stage and 

deteriorate the positioning resolution.  

 

Figure 17: Steady state noise level. 
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Considering the sensor’s accuracy as the best possible resolution of the system, the 

achievable resolution is limited by many other factors, such as environmental disturbance 

and electronic noise.  

 

Figure 18: Noise histogram of steady state sensor measurements. 

For this particular system, Figure 18 demonstrates a noise histogram of the steady state 

output from the position sensors. The standard deviation of the output signal is 0.77 nm when 

the system is actuated and hold at a command position, which indicates a nanometer level 

resolution.   

The frequency response results were obtained by using a dynamic signal analyzer through 

swept-sine analysis with frequencies spanning a range of 50 kHz. The resulting frequency 

responses are shown in Figure 19. 
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The two axes have similar dynamic response with the dominant resonant peak at around 8.9 

kHz. This experimental value is larger than the results from the theoretic analysis and finite 

element analysis. These discrepancies can be explained by approximations made in the 

effective mass in the system, and dimensional errors during manufacturing.  

 

Figure 19: Frequency response of the nanopositioner. (a) From X actuator to X displacement. (b) X 

actuator to Y displacement. (c) Y actuator to X displacement. (d) Y actuator to Y displacement. 
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The stage has an almost flat magnitude response up to 6 kHz in the directly actuated axes, 

which provide better potential for closed-loop control design. The cross-talks between the 

two axes (Y-X and X-Y response) are insignificant at most of the frequency range. The DC 

gain of the off-diagonal response differs from the gain of the diagonal frequency response by 

30 to 40db. Such cross-coupling effect can be compensated by the closed-loop control.  

To construct a closed-loop system, A DSP (digital signal processing) based motion controller 

is used to receive displacement feedback from capacitive sensors, calculate the control out 

and send it to the amplifier.  A high resolution (16 bits) A/D converter is used to translate the 

analog voltage positional signal to digital signals used by the controller. 

Since the sensitivity of the capacitance sensor is 2.5μm/volt and the maximum value of the 

16 bit digital signal is 10 volts, the resolution from the ADC is about 0.76 nm, which is the 

best resolution of the control loop. A piezo amplifier with a magnification factor of 20 is 

used to receive command signals from the controller and provide amplified voltage to drive 

the piezoelectric actuators. To close the position loop, a PI (Proportional-Integral) controller 

was implemented on the controller. The PI controller can obtain a larger than 1 kHz closed-

loop bandwidth.  Figure 20 shows the closed-loop step response of two axes.  

The rising time (time between 10% and 90% of one step) for X-axis is only 180 µs with a 5% 

overshoot, which roughly indicates a closed-loop bandwidth of 2 kHz. Y axis has a 180 µs 

rising time with a 6.8% overshoot. 
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Figure 20: Closed-loop step response in X (left) and Y (right) directions. 

With a mechanical design with higher resonant frequency, even a simple PI controller can 

gain a very high-closed loop bandwidth. Figure 21 shows the control result for stepwise 

motion of the stage using the PI controller. The step size was 1 µm.  

Clearly, the closed-loop control provides a linear and repeatable motion, compared with 

open-loop operation as shown in Figure 16 (a,b), in which the nonlinear hysteresis effect 

from the piezoelectric actuators can be easily observed.  

The steady state RMS error was less than 1nm. Figure 22 demonstrates the noise histogram 

of the closed-loop steady state output from the position sensors. The standard deviation of the 

output signal is 0.7 nm when the system is commanded at a fixed position.  
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Figure 21: Closed-loop stepwise motion. 

This resolution is comparable to the open-loop result, and a nanometer level control 

resolution is obtained for high precision and high accuracy applications. 

 

Figure 22: Histogram of closed-loop steady state error 
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3.7 Conclusions 

In this chapter, a high-bandwidth piezo-driven parallel-kinematic nano-positioning stage is 

developed which can provide high-speed accurate positioning in XY plane. The design, 

analysis, fabrication and experimental testing are presented. The monolithic stage design has 

two axes and each axis is comprised of a doubly-clamped beam and a parallelogram hybrid 

flexure module with complaint beams and circular flexure hinges. The doubly-clamped beam 

that is actuated by a piezoelectric actuator acts as a linear prismatic axis. The parallelogram 

hybrid flexure modules are used to decouple the actuation effect from the other axis. The 

mechanism design decouples the motion in the X and Y directions and restricts parasitic 

rotations in the XY plane while allowing for an increased bandwidth with linear kinematics 

in the operating region (or workspace). Kinematic and dynamic analyses show that the 

mechanical structure of the stage has decoupled motion in XY direction, while achieving 

high bandwidth and good linearity. Finite element analysis is adapted to verify the dynamic 

responses from theoretical analysis. The stage is actuated by piezoelectric stack actuators and 

two capacitive gauges are added to the system to build a closed-loop positioning system. The 

results from the frequency test show that the resonation frequencies of the two main vibration 

modes are over 8 kHz. The stage is capable of about 15 microns of motion along each axis 

with a resolution of about 1 nanometer. Due to the parallel kinematic mechanism design, a 

uniform performance is achieved across the workspace. A PI controller is implemented for 

the stage and a closed-loop bandwidth of 2 kHz is obtained. The high-speed nano-positioner 
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is expected to address applications such as high-throughput nanoscale metrology, imaging 

and manufacturing. 

The material contained in this chapter has been reviewed by Transactions of Mechatronics 

technical editor and resubmitted for final publication. 
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CHAPTER 4: Micro-milling using the designed hybrid two DOF nano-positioning stage 

4.1 Introduction 

Micro-manufacturing is one of the most important and active fields of study due to its broad 

applications in the modern industry.  Gyroscopes and accelerometer for aerospace and 

automotive industries, biosensors and micro-needles for medical and biomedical companies, 

solar cells and data storages for telecommunications and information peripherals, and 

chemical and bio-sensors for environmental monitoring are just a few examples of the many 

applications that micro-manufacturing has in modern industry. 

Micro-manufacturing was originated from microelectronics industry, and currently it has 

extended to as many and diverse applications as semiconductor manufacturing, MEMS 

(micro-electro-mechanical systems), nanotechnology, and biomedical applications, among 

others. There are many micro-manufacturing techniques that are required for these industries, 

such as lithography, additive processes (deposition, doping and oxidation), subtractive 

processes (dry and wet etching) and surface micro-machining (bulk and patterning). 

There are several types of micro-machining processes that are currently applied in industry 

according to [41]. Removal by mechanical force, by melting and vaporization, by ablation, 

by dissolution, plastic deformation, solidification, lamination and recomposition are all 

processes that can be grouped as micro-machining.  Among them, the most popular is the 

removal by mechanical force. It is based in the concept of removing the useless part of the 

work piece using mechanical force to produce plastic or brittle breakage. Different processes 
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such as cutting, sandblasting, ultrasonic machining and grinding can be listed as part of this 

group. From this group, cutting is the one that presents the best geometric correlation 

between the tool path and the desired features in the machined surface due to the fact that in 

this process, there is physical contact between a single point of the tool and the work piece.  

Many alternatives have been proposed to improve these micro cutting processes. The main 

objectives are to decrease the size of the smallest achievable feature that can be machined, as 

well as better surface finish, good accuracy and high efficiency to reduce costs. The first 

approach that can be found in the literature is the miniaturization of the conventional scale 

milling process. This approach is limited by the minimum size of the micro-milling tool, 

especially due to the brittle characteristics of the required materials, and the extremely fast 

required spindle speed. Features of around 50 um in size have been achieved using hard 

metals micro-milling tools in brass and stainless steel [42]. Micro-milling machines with 

multiple degrees of freedom have also been presented as an alternative for milling 

miniaturization [43]. Attempts to measure and optimize the required parameters to obtain the 

desired surface finish and accuracy have been previously developed as shown in [44, 45].  

As a second approach to reduce the minimum achievable feature size, the use of diamond or 

tungsten tips to create grooves over the work piece has been proposed. Atomic Force 

Microscopes (AFM) have been used with modified diamond tips to perform this approach 

using silicon work pieces achieving features as small as 5 um width [46]. Some work over 

metal samples has also been attempted in the past with good result and features of around 1 

um [4]. A combination of these approaches was proposed in [47], using profiled tools and a 
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CNC cutting machine that generates a circular path to rotate the tool instead of the spindle, 

and also generate the required displacements to create the desired features. However, these 

alternatives have some problems.  

In the first case, the tool size and spindle speed are the limitations. For the second approach, 

due to the fact that it is based on the scratching of the surface, and not on the continuous 

cutting that is characteristic in conventional scale machining, they present issues related to 

surface quality and tool life prediction. The achievable feature shapes are also limited in this 

approach due to the one directional nature of the process, which lack of the flexibility that 

conventional methods present in feature shapes. The productivity and effectiveness of the last 

proposed alternative [47] is limited mainly for the achievable speed in the circular path tool 

displacement.  

In this chapter, a new micro-cutting approach is presented that is capable of producing 

features in the order of a few microns to several nanometers, with low cost and good 

accuracy. This new approach is a specific application for the previously designed two 

degrees of freedom nano-positioning system presented in chapter 3. This nano-positioning 

system provides the required tool-sample relative circular continuous displacement with an 

angular speed that can be of up to 360.000 rpm (6 kHz). This displacement is used instead of 

the traditional and limited rotary spindle to generate the tool-sample circular displacement, 

and in combination with a tungsten probe tip, a 1 tooth cutting tool is created. Tests to 

demonstrate the effectiveness of this approach and the optimal machining parameters are 

performed, and an example of the small and complex features that this new micro-machining 
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technique is capable of achieving is also presented.  Finally, a comparison between the 

previous achievements and this new approach’s characteristics is presented to justify its 

application.  

4.2 Methodology 

Conventional scale milling requires a cutting tool, a sample, and a machine that provides the 

necessary relative displacement between the cutting tool and the sample. Usually this 

displacement is divided in two different motions. The first one consists of the tool rotation 

that provides the cutting force, and the second is the one provided by the positioning system 

that moves the sample to create the desired features.  

In this new approach, the same basic idea is applied. Tungsten probe tips with 1 um diameter 

are used as cutting tools, and mirror finished 10 x 10mm. aluminum sheets are used as work 

pieces. First of all, the tool is mounted on a tool holder (Starret Pin Vase), and it is attached 

to the Z axis of a X, Y, Z digital automation platform (A 3200 Npaq). The tool is kept static 

during each cycle, and it is moved only parallel to the Z axis to provide the required depth of 

cut. The sample is mounted on the previously developed nano-positioning system to provide 

the tool-sample relative “rotation” through a circular path displacement provided by the 

nano-positioning stage. This whole assembly (the sample on the nano-positioning stage) is 

attached to the X, Y axes of the micro-positioning platform, which provides the necessary 

displacement in these directions to create the required features. The X, Y and Z 

displacements are controlled through numeric control (CNC) using the provided controller 
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for the automation platform, and the rotation like displacement is controlled through varying 

the voltage and phase of the sinusoidal signals applied to the two piezoelectric actuators 

attached to each axis of the nano-positioning system.    

In this way, the sample can be moved as desired using the controller to create the required 

features. The micropositioning system provides a circular path relative displacement between 

the sample and the tool, so the tip and nano-positioning system assembly acts as a single 

tooth micro-milling tool with a minimum diameter of a few microns (depending on the 

applied voltage and tip diameter) mounted on a spindle that can achieve rotation speeds as 

high as 360.000 rpm. This approach is similar to fly cutting at conventional scales, but uses 

the nano-positioning stage instead of the conventional rotational spindle to generate the 

sample-tool relative motion. This configuration allows the achievement of features between 

several nanometers to a few microns with good accuracy, high efficiency and relatively low 

cost. 

4.3 Set up and practical considerations 

The basic set up for this experiment is similar to any conventional milling process set up. 

First of all, the tool must be fastened to the Z axis of the positioning table. To do this, a 

Starret Pin Vase tool holder capable of holding tools as small as several microns in diameter 

is used, and then, this holder is fastened to the Z axis of the table using two aluminum pieces 

held by screws. After that, the sample must be firmly fastened to the nano-positioning stage 

using a set of screws. This step requires special care due to the small size of the screws (M 
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1.6). Then, the sample nano-positioning assembly is attached to the automation platform 

using another set of screws. Finally, the zero set up is performed using a NAVATAR I-6265 

zoom lens attached to a digital Unibrain microscopic video camera to visually approach the 

tip, and a multimeter to detect the final contact with the sample.  A picture of the assembled 

system is presented in Figure 23. 

 

Figure 23: Set up for the proposed micro machining process. 

The X and Y zero setup is performed manually trying to be as close as the sample center as 

possible in order to assure the best possible surface quality and flatness. At this point, this 

step is not of vital importance because the position of the machined features in the sample is 

not critical. For this reason, a visual localization of the tip is performed, and a final 

adjustment using the microscopic camera is accomplished. However, the Z position of the tip 

relative to the sample is extremely important, because the depth of cut cannot exceed under 
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any circumstances the tip radius. As it was told, the used tip radius is around 500 nm, so the 

approaching process must be made with extremely carefulness to avoid damaging the tip. For 

this reason, this approaching process is divided in three steps.  

The first step is similar to the one used to localize the tip in the X and Y axes, it is, a visual 

approach until the tool is safely close to the sample. When the tip is as close as possible to 

the sample using this approach, the digital video camera with a magnification factor of 393 X 

is used to continue the approaching process. In this step, an extremely low approaching speed 

(around 100 nm/sec) is used to assure the integrity of the tip. This is done using the CNC 

control. The final step is a step by step approaching process using an even slower speed (50 

nm/sec) and a 50 nm step. The multimeter is then used to detect the tool-sample contact 

through measuring the electrical resistance between the sample and the tip. When the tip 

touches the sample, this resistance is close to zero, so the step by step process is continued 

until the reading in the multimeter is close to zero. Through this process, a maximum tip-

sample engagement of less than 50 nm is guaranteed for the first pass. Despite of this fact, 

because of the lack of the sample total flatness, sometimes the first pass can have more than 

500 nm of engagement, producing damage to the tip and future problems to the surface finish 

and accuracy of the whole process.       

In order to avoid this possibility, an alternative to this last step (Z approaching process) is 

presented. The alternative consists of adding some scanning steps to the used CNC G-CODE 

program before the first pass of the desired features. Using this approach, all the working 

surface is scanned in the previous steps before the tip is engaged to the sample (while the tip 
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is in the air but very close to the sample). Then, if there is a higher point in that surface, it 

will be machined before the others, thus ensuring a maximum engagement equal to the 

chosen Z step, which must be less than the previous mentioned tip radius. Using this 

approach, the tip integrity and the best possible surface finish are ensured.  

To provide the necessary tool-sample displacement, a National Instruments data acquisition 

system (NI USB-6259 M SERIES) connected to a conventional PC is used. Using this 

equipment, two equal magnitude but different phase sinusoidal signals are sent through two 

piezoelectric amplifiers as actuation signal to the two axes piezoelectric actuators of the 

system. Varying the voltage and frequency, the circular path diameter and the angular 

velocity are changed and can be successfully controlled. The same system allows the user to 

control the resulting motion using capacitance sensor. In this way, changes in tool path can 

be recorded and further correction can be made to optimize the system’s behavior.  

4.4 Machining variables calculations 

In this point as in the previous one, the parameters that are subject to modification are similar 

to the commonly used in conventional scale machining. Spindle speed, which in this 

approach’s case is comparable to vibration frequency of the nano-positioning system over a 

circular path, feed rate and feed per tooth are the three main parameters that can be chosen to 

set the optimal combination for better surface finish and accuracy. In addition, since in this 

approach the tool is not rotating, the peak to peak vibration amplitude (Vpp) of the nano-

positioning stage (i.e. the diameter of the circular path) is another important parameter that 
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can be controlled in this new technique, and its variation is equivalent to a different tool 

diameter in conventional scale machining through the relation expressed in equation 4.1. 

 𝑇 = 𝑉 + 𝑑  (4.1)

where Td is the virtual tool diameter and dt is the diameter of the used tip.  

The depth of cut is also controlled through the Z displacement of the tool, as in a 

conventional milling process.  

These parameters can be controlled using the basic set up in the CNC G-CODE programs 

and the vibration parameters (signals’ frequency, phase and amplitude) of the nano-

positioning system. Spindle speed is directly related with vibration frequency in kHz. This 

vibration frequency (𝑉 ) in combination with the linear speed, that in this case defines the 

feed rate in mm/sec, determine the feed per tooth in um/rev as follows: 

𝐹 = 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒𝑉  
(4.2)

This equation is valid because the system behaves as a single tooth tool milling process.  The 

feed per tooth must be kept under the tip radius value to ensure good results.  

Due to the small dimensions used in this process, the concept of removal rate is changed for 

the unit removal (UR) as defined in [48], it is the part of a work piece that is removed in one 

cycle of the machining process.  For the presented process, this value will have units of area 

that can be changed to volume multiplying for the depth of cut.  
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𝑈𝑅 = 3𝑟𝜋𝐹4  (4.3)  

where r is defined as the vibration amplitude (A) plus the tip radius. The parameters’ 

combinations to obtain optimal results are material dependant. In the next section, a summary 

of experiments using aluminum samples (5052 alloy) are presented and the results are 

analyzed for further recommendations.  

4.5 Experiments results 

The first set of experiments was devoted to obtain satisfactory microscopic visual results in 

surface quality. The final judgments were performed based on digital pictures taken using an 

Olympus BHM metallurgical microscope (400 X maximum magnification factor) with a 

Paxcam digital microscope camera connected to a PC.  To do so, Picoprobe ST-20-05 

tungsten tips with diameter equal to 1 um were used as cutting tools and square 5052 

aluminum pieces of 1 cm size were used as samples. Due to the specific aluminum alloy 

characteristics, the general propose Tap Magic cutting fluid was added to the process based 

on literature recommendations [49]. The machining parameters were then changed 

systematically to compare the obtained results. The different parameter combinations used 

for these visual surface quality tests are summarized in Table 2: Parameters combinations for 

visual surface quality tests.. 

From these combinations, the ones involving frequencies over 4 kHz and circular path 

diameters over 2 um could not be performed due to the shrinking effect in the nano-
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positioning stage motion. It is, the maximum voltage was not enough to produce the required 

amplitude at those frequencies. 

Table 2: Parameters combinations for visual surface quality tests. 

Parameter Initial value Final Value Increment 

Vibration frequency (kHz) 0.50 6.00 0.50 

Feed per tooth (um/rev) 0.10 0.50 0.05 

Circular path diameter (um) 2.00 4.00 0.50 

 

The combinations involving 0.5 kHz vibration frequency and feed per tooth less than 0.25 

did not produced good results because these speed-feed rate combinations were not enough 

to form a chip during the cutting process, producing then the base material to melt and the 

surface quality to degrade.  

All other combinations produce relatively equal surface quality, being barely appreciable a 

better results when higher vibration frequencies and feeds per tooth were used. A 

microphotography of the obtained results using 4 kHz and 0.25 um/rev configuration is 

presented in Figure 24. 
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Figure 24: Achieved surface finish compared with mirror like (#8). 

The second set of experiments was developed to verify the capacity of this new approach to 

produce small features. To do so, a G-CODE program was written to generate the tool path to 

write the word ISE. The tool path was generated considering different sectors, and in each 

sector, a circular clockwise tool path was considered decreasing systematically the diameter 

to cover the entire surface. A scheme of the used tool path is presented in Figure 25. 

Using this program, the same set of parameter combinations were used, and the best results 

were obtained using 4 kHz and 0.25 um/rev combination. The tool vibration amplitude 

(circular path diameter) was 2 um, and each line in the tool trajectory showed in Figure 25 (a) 

is separated by 1 um.   



 
79

  

(a) (b) 

Figure 25: Tool trajectory used in the G-CODE program. (a) Total surface trajectory. (b) Different 

considered sectors. 

These results demonstrate the process capacity of generating features in the order of a few 

microns or less with good accuracy as shown in Figure 26.  

 

Figure 26: 2 x 10 um letters in a 50 um size square machined in aluminum using tungsten tip. 

Another example, where less than a micron features can be observed, is shown in Figure 27. 
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Figure 27: Array of half micron lines in a 50 um square. 

The only two parameters that limit the minimum feature size are the tip diameter and the 

minimum achievable circular path diameter, which for the used nano-positioning system is 

around 10 nm. Since the commercially available tungsten tip sizes are in the order of 

hundreds of nanometers, the tip diameter is the limiting factor for internal features. If no 

internal features are required, the size is limited by the control over the vibration amplitude 

and the system’s noise. The system’s noise is in the order of a few nanometers, and since the 

system can operate under closed-loop conditions, the machining approach has potentially the 

ability of producing features as small as a few nanometers.  

4.6 Conclusions 

The new designed machining approach is a practical application of the previously developed 

nano-positioning system. This new process consists of a 1 um tungsten tip attached to the Z 

axis of an automation motion platform and an assembly of the previously designed nano-

positioning stage and the sample to be machined attached to the X, Y axes of that platform. 
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The nano-positioning stage provides de required tool-sample relative motion, and the 

platform moves the system to create the desired features. Comparing with conventional size 

milling parameters, the nano-positioning system provides the spindle speed, while the 

platform acts as the X, Y and Z motion axis. 

This configuration was proven to be able to achieve good surface quality and to produce 

features in the nanometer level range. The presented results are limited to tungsten tips and 

specific alloy aluminum samples, but with the achieved speeds and accuracies, the technique 

can be used to machine almost any material, and could achieve smaller features if a smaller 

diameter tip is used.  The surface quality can also be potentially improved using diamond tips 

instead of tungsten ones. The parameter combinations will vary depending on the tip and 

sample materials, but the achieved accuracy will be kept constant. It can be even improved 

using a closed-loop control system for the nano-positioning stage vibration, as mentioned 

before. Finally, the new machining system has the potential to be applied in different 

industries, such as precise optics and MEMS.  
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CHAPTER 5: Conclusions and recommendations 

In this document, a successfully designed new nano-positioning module, a 2 DOF nano-

positioning stage and a possible micro-machining application using this stage are presented, 

implemented and tested. Previous work done in these fields has been revised to verify the 

validity of the current research. Theoretical analyses were developed to understand the 

module and system behavior. Then, FEM analyses were used to test and verify the module 

and system response to simulated loads and vibration modes. Finally, experimental results 

were obtained from the nano-positioning system, and a practical specific micro-machining 

application was developed and tested.  

In chapter two, a hybrid nano-positioning module is presented and tested through FEM. The 

module combines the two broadly used concepts of lumped-compliance flexures (hinges 

based) and distributed-compliance flexures (beam based), proposing a hybrid system that 

decouples the two sought characteristics: high bandwidth and low parasitic error. The 

proposed configuration achieves higher natural frequency (bandwidth) than the previously 

developed ones, and parasitic errors as low as the best previously proposed. In addition, this 

design permits choosing the hinges and beams dimensions to achieve the required 

performance without altering the global good behavior. It is, when the bandwidth is scaled up 

through increasing the beams’ size, the parasitic motion can be kept low adjusting the hinge’s 

size.   
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In chapter three, a combination of two of these modules in a parallel configuration is 

presented to design a new 2 DOF nano-positioning stage. Two additional doubly-clamped 

beams parallel to each module are added to provide additional stiffness to the system and to 

act as prismatic joints in conjunction with piezoelectric actuators. This design decouples the 

X and Y motion and provides the same advantages of high bandwidth and low parasitic 

motion that its component modules provide. These characteristics are confirmed through 

theoretical static and dynamic analyses and FEM analysis. The system is then built and tested 

to demonstrate its characteristics. A maximum workspace of 15 um per size is found, as well 

as 8 kHz open loop bandwidth. These characteristics represent a good improvement for 

applications that requires high bandwidth and good accuracy of motion, such as microscope 

scanners and micro-manufacturing applications. Moreover, the nano-positioning stage is 

integrated in a closed-loop control system, and it proved to be able to behave accordingly to 

the required high bandwidth and accuracy for its possible applications. 

Chapter four describes a new approach for micro-milling, using the previously designed 

nano-positioning system to replace the traditional spindle used in conventional milling 

process. This different configuration allows the users to achieve rotational speed over 

360.000 rpm, which is not possible with conventional milling or turning machines. The 

process consists of mounting an static tool attached to the Z axis of a automation platform, 

and mounting the nano-positioning stage with the sample on the X, Y axes. Then, the nano-

positioning system provides the required tool-sample displacement over a circular trajectory, 

and the automation platform moves the system go create the desired features. This new 
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configuration demonstrated to be able to machine features in the nanometer level range, as 

well as obtaining good surface quality, when the right combination of parameters, sample 

materials and tips are chosen. Further work need to be done to optimize this approach, but the 

current results verify that the system can achieve good results with high speed and relative 

low cost.  

In conclusion, a 1 DOF nano-positioning module was designed and tested for high bandwidth 

and low parasitic motion. Then, a 2 DOF nano-positioning stage was developed using the 

previously designed modules as building blocks. This system was also tested to demonstrate 

high bandwidth, low Abbe/sine error, and good accuracy. In addition, it was integrated to a 

closed-loop system to control the displacement and improve the accuracy. Finally, the 

developed system is integrated to a new approach of micromachining, taking the place of the 

traditional spindle in conventional scale machining. The new approach is tested, and the good 

accuracy and high speed of the process are demonstrated. Further recommendations for 

possible improvements to the system are finally introduced to propose a continuous field of 

research.   
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