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Compliance Analysis and Design Optimization of a 2-DOF Precision
Positioning Stage based on Serial Mechanism for Enhanced Resonance
Frequency Isotropy
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Precision positioning stages are devices for precisely positioning objects according to required degrees of freedom and
performance. Precision positioning stages are classified into serial and parallel mechanisms. Except for specific applications,
the parallel mechanism is preferred. In serial mechanism, dynamic characteristics such as resonant frequency are clearly
different from axis to axis and the first resonance frequency is distinctly low compared to the second. These make the
control performance different for each axis and incurs limitation in control. In this study, the first and second resonant
frequencies in a serial 2-DOF precision positioning stage were increased while maintaining their approximal value.
Compliance analysis for the stage was performed by applying the matrix based method. A new concept of resonant
frequency isotropy (RFI) was introduced and design optimization was performed in which first and second resonant
frequencies almost coincided. This optimization allowed for the design of a serial 2-DOF precision positioning stage with
enhanced first resonance frequency by 50.8% and RFI by 80.2% compared to the initial design. This paper is expected to
increase the use of precision positioning stages based on serial mechanism and apply the concept of RFI to the positioning
stages with more than 2-DOF.
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(a) Parallel mechanism

(b) Serial mechanism

Fig. 1 Schematic diagrams of parallel and serial mechanisms with leaf spring hinges
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Fig. 2 Shapes of typical flexure hinges
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Fig. 3 Coordinate system and design parameters of the leaf spring
hinge
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Table 1 Physical properties of the AL7075

Material AL7075
Elastic modulus (E) 71.0 GPa
Shear modulus (G) 26.7 GPa

Yield strength (o) 503 MPa
Density (p) 2810 kg/m3
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Table 2 Orthogonal array and design parameters

Orthogonal Design parameters Output
array A B C D E F G (RF)
1 2 2 15 15 1 1 10 0.5547
g 2 2 2 15 20 2 2 15 0.2885
Q
E 3 2 3 20 15 1 2 15 05366
é 4 2 3 20 20 2 1 10 0.2199
o
b 5 3 2 20 15 2 1 15 0.1665
—q'é 6 3 2 20 20 1 2 10 0.8794
E 7 3 3 15 15 2 2 10 0.5547
8 3 3 15 20 1 1 15 0.2848
A: Number of inner hinges
B: Number of outer hinges
C: Length of inner hinges
D: Length of outer hinges
E: Thickness of inner hinges
F: Thickness of outer hinges
G: Width of inner structure
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Table 3 Comparison between initial and optimal design cases in theoretical analysis

Initial design Optimal design
First resonance frequency [Hz] 689.2 First resonance frequency [Hz] 1039.4
Second resonance frequency [Hz) 1242.4 Second resonance frequency [Hz] 1039.6
Resonance frequency isotropy [RFI] 0.5547 Resonance frequency isotropy [RFI] 0.9998
Number of inner hinges 2 Number of inner hinges 3
Number of outer hinges 2 Number of outer hinges 3
Length of inner hinges [mm] 15 Length of inner hinges [mm] 20
Length of outer hinges [mm] 15 Length of outer hinges [mm] 16
Thickness of inner hinges [mm] 1.5 Thickness of inner hinges [mm] 1.4
Thickness of outer hinges [mm] 1.5 Thickness of outer hinges [mm] 1.8
Width of inner structure [mm] 10 Width of inner structure [mm] 10
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A: Modal

Total Deformation
Type: Total Deformation
Frequency: 885.37 Hz
Unit: mm

Mode-1 (885.4 Hz)
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]
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A: Modal
Total Deformation 3

Type: Total Deformation
Frequency: 1662.7 Hz
Unit: mm

Mode-3 (1662.7 Hz)

99.553 Max
88492
7743
66.369
55.307
44246
331¢4
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A: Modal
Total Deformation 5

Type: Total Deformation
Frequency: 24381 Hz
Unit: mm

Mode-5 (2438.1 Hz)

129.46 Max
115.08
100.69
86.308
71.923
57.539
43.154
28769
14.385
0 Min

0.00 100.00 (mm)
)

50.00

Fig. 6 Results of modal analysis using FEA

Table 4 Comparison between theoretical analysis and FEA results

Comparison items Theoretical analysis FEA

First resonance frequency [Hz] 1039.4 885.4
Error (First resonance frequency): 14.8%

Second resonance Frequency [Hz] 1039.6 968.9
Error (Second resonance frequency): 6.8%

Resonance frequency isotropy [RFI] 0.9998 0.9138

Error (RFI): 8.6%
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A: Modal
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A: Modal
Total Deformation 6
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Frequency: 3891.7 Hz
Unit: mm

Mode-6 (3891.7 Hz)

131.97 Max
17.31
102.65
87.982
73318
58655
43.991
29327
14.664
0 Min

0.00 100,00 ()
]

50.00
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