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Abstract 

A new mechanism is introduced by integrating monolithic flexure mechanisms, and 

the performance of the mechanism is discussed. Ultra-precise circular motion with 1 

mm diameter is achieved with 8.2 nm (P-V value) deviation from circularity. 

1 Introduction 

Current precise positioning mechanisms can be divided into two categories based on 

their field of application: The first category is positioning mechanisms with long 

strokes from millimeters to meters; the second category is fine positioning 

mechanisms with strokes measured in micrometers. To meet a medium range 

between these two categories, the authors attempted to create a positioning 

mechanism with nanometric resolution over a 1-mm stroke using a flexure guide and 

an electromagnetic actuator: They had previously reported a planer positioning 

mechanism with three degrees of freedom (3-DOF), in which both ultraprecision and 

ultrafine point-to-point (PTP) positioning with resolution of 2 nm for X–Y and 0.01 

asec for  (yawing) was achieved over a 1-mm stroke [1, 2]. However, because the 

mechanism was constructed using 32 pieces of leaf springs, there was some 

interference between X-Y- axes of motion that deteriorated the positioning 

performance in continuous-path (CP) motion. In this report, a new mechanism is 

fabricated by integrating monolithic flexure mechanisms, and the performance of the 

mechanism under multi axis control for CP positioning is discussed. 

2 Mechanism 

Figure 1 shows the developed mechanism. It consists of two pieces of a monolithic 

flexure device, which forms a positioned stage of cube configuration with 60 mm 

sides, and flexure thin beams of double compound rectilinear springs supporting the 
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stage [3]. These parts were shaped from a stainless steel plate using wire electric 

discharge machining. Three pairs of voice coil motors are set around the stage, and 

these motors independently generate driving forces or yaw moment in the X, Y and  

directions. An optical square is placed on the table to measure stage motion in the X-

Y- directions using a laser interferometer with resolution of 0.6 nm. The static 

compliance of the flexure guide was 112 m/N in X, 81 m/N in Y and 0.011 rad/Nm 

in  : The stage can move approximately 0.4 mm/A. To compensate for any damping 

effect, the mechanism is sunk in silicone oil of 1000 cSt. 

First, quasi-static and dynamic characteristics of the mechanism as a multiple-input 

multiple-output (MIMO) system were determined. Figure 2(a) shows quasi-static 

response to ramp-input of the mechanism: The light lines show the natural property of 

the plane mechanism. The mechanism has superior properties with a linear relation 

between the input and the response of corresponding axis as shown in diagonal 

elements of the figure. The interference between the axes as shown in off-diagonal 

elements is greatly decreased compared with the previous mechanism. Figure 2(b) 

shows frequency response of the mechanism.  

3 Control system 

Figure 3 shows the multi-axis control system. To counter the slight residual 

interference among axes shown in Fig. 2 by light lines, a decoupling compensator is 

  
(a) Schematics             (b) Arrangement of flexures, actuators and sensors 

Figure 1: Positioning mechanism 
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applied. The properties existing in off-diagonal elements of the transfer matrix G of 

the mechanism were identified from the quasi-static characteristics measured in Fig. 

2(a): The inverse matrix G-1 was calculated in order to eliminate the interference. The 

matrix Cr in the figure represents ideal reference gains of the controlled object. The 

quasi-static and dynamic responses to operating variables V are shown in Fig. 2 by 

dark lines: The interference of the mechanism has been greatly reduced in both quasi-

static and dynamic conditions. A two-degrees-of-freedom control system with 

feedback PID controller and feedforward compensator Cr
-1 is realized by using a 

digital signal processor with sampling rate of 3 kHz. 

4 Continuous path control result 

Next, performance of CP circular motion was determined with simultaneous control 

of all axes of X-Y- . The reference Xr is a sine wave function, and Yr is a cosine wave 

        
(a) Quasi-static characteristics                   (b) Dynamic characteristics 

Figure 2: Input-output response of the MIMO system 

 
Figure 3: Multi axis control system 
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function; r is controlled to keep the yawing 

motion at zero. Figure 4 shows the controlled 

deviation of each axis in circular motion with 1 

mm diameter [4]. The controlled deviation of X 

and Y axes shows accurate performance, with 

tracking error for each axis less than 2 nm 

(RMS). Here, the decoupling compensator 

showed its effect in the wide range of frequency. 

Figure 5 shows deviation from roundness of the obtained circular motion: Ultra-

precise circular motion with 1 mm diameter is achieved with only 8.2 nm (P-V value) 

deviation from circularity.  

5 Conclusion 

A new mechanism is fabricated by integrating monolithic flexure mechanisms, and 

the performance of the mechanism under multi axis control for CP positioning is 

discussed. The superior performance of the developed system is verified, and the 

potential of the developed mechanism for CP motion is clearly demonstrated. 
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(a) Tracking deviation of each axis                 (b) CAS of tracking deviation 

Figure 4: Tracking performance of each axis 

 

Figure 5: Deviation from 

roundness 


