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ABSTRACT: The paper investigates the design process and the analysis of a two degree of freedom compliant mechanism for 

nano scale positioning applications. In this research, the flexure based mechanism possesses a decoupled characteristic in x-
and y motions and compact structure in size. Moreover, the mechanism’s workspace will be amplified via using a lever 
amplification mechanism. In order to achieve an optimal size, a multiple objective optimization based on response surface 
method and kigring regression model are carried out. Besides, the effect of design variables on each of the output response 

of the proposed mechanism will analyzed as well. The proposed 2-DOF compliant mechanism size of 186 mm  186 mm 

possessed the workspace of 130 μm  130 μm in the x-and y axes. The confirmation experiment using a simulation in ANSYS 
revealed that the error between the predicted result and the actual value was about 1.6%. It means that there is a good 
agreement between two results. It is also clear that the proposed mechanism has much lower error than that of previous 
studies in the literature review. Ultimately, the proposed mechanism is expected to further applications in practice 
positioning and manipulator systems. 

KEYWORDS: 2-DOF Compliant mechanism, Positioning, Manipulator, Multiple objective optimization. 

1 BACKGROUND 

Compliant mechanisms have been commonly used in high precision actuators, manipulators, robotics, and chemical 
environment to atomic microscopy, scanning devices, and turning and grinding machining. The reasons are that they possess 
monolithic topology, no friction, no lubricant, no need for maintenance, reduce assemble elements, and reduce time 
consuming for manufacturing. Hence, in the micro-and nano positioning technology, two axis monolithic mechanisms play an 
essential vital role. 

2 INTRODUCTION 

Nowadays, positioning systems and manipulators play more and more important roles in micro-and nano scale 
technology applications such as atomic microscopy, scanning device, bio-cell manipulator, turning machining, grinding, micro 
component assembly, optical fibers alignment, and medical device, etc. In order to fulfill such applications and desired 
requirements, the positioning stages and manipulators are preferred to be designed regarding to ultra high precision, 
resolution, high bandwidth.  

Compliant mechanisms are the most potential candidate for designing such positioning stages due to monolithic 
structure, no need lubricant, no assembly, reduced time consuming. However, the design and analysis of a compliant 
mechanism have been challenging for engineers, scientists, researchers, and academic scholars. Howell [1] published a book 
to present some methods for design and analysis of compliant mechanisms. Huang et al. [2] designed and fabricated a 
microgripper with a topology optimal compliant mechanism. Recently, flexure based mechanisms were designed by Dao and 
Huang [3, 4]. 

In the past few decades, works related to single axis positioning and manipulator for scale nano technology was 
presented [5]. In addition, there have been a lot of great interests about two axis positioning systems [6-10]. Recently, a large 
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number of researchers have been paid their attention into design and analysis methodology of flexure based mechanisms 
such as flexibility matrix method [11], analysis approach [12, 13], and lumped model [14].  

Previous studies focused on the establishment mathematic model of compliant mechanisms for positioning systems with 
good results. Even though the previous studies designed many suitable positioning stages; however, there has been large 
errors between models and simulation confirmation. In order to eliminate the error to adopted minum value, a 
computational analysis is developed in this study. Besides, a compact structure in size is a good prototype for nano scale 
positioning.    

The current paper focuses on the design process and analysis a two degree of freedom (DOF) compliant mechanism for 
nano scale positioning. The proposed mechanism was developed including leaf springs and right circular hinges. 
Furthermore, the suggested mechanism can eliminate cross axis coupling between the x-and y axes. In this paper, the 
multiple objective optimization problem (MOO) was carried out to obtain an optimal size. Unlike previous studies, the MOO 
problem was based on the response surface approach and kigring regression. Finally, the effects of design variables on the 
output performances were also performed. 

3 SIGNIFICANT  AND CONTRIBUTION  

The advantages of 2-DOF compliant mechanism for positioning systems and manipulators are ultra precision performance 
characteristics due to monolithic, high accurate, no joint, no friction, no clearance on backlash, no lubricant, and no 
maintenance. The proposed methodology is significant important to solve multiple objective optimization problem regarding 
to many input variables and output ones. It is expected to use in micro-and nano positioning technology and high precision 
manipulators.  

4 MECHANICAL DESIGN  

Aluminum 7075-T73 was chosen for the 2-DOF compliant mechanism due to their high yield strength-to-Young’s modulus 
ratio. Young’s modulus E = 72 GPa, yield strength σy = 435 MPa, Poisson rate υ = 0.33, and density ρ = 2810 kg/m3. General, 
displacement-amplification mechanisms can be divided into two cases. One is a lever-type flexure hinge mechanism, as 
shown in Figs. 1a and 1b. In lever-type devices, the amplification ratio depends on the ratio o distances between pivots, and 
high transverse link stiffness is required. It needs relatively small number of flexure pivots, but the link size and high 
deformation are proportional to the amplification ratio, and hence high efficiency is hard to achieve. 

The other is a bridge-type flexure hinge mechanism, as shown in Fig. 1c. The bridge-type flexure hinge mechanism needs 
high rigidity of link in longitudinal direction. It is relatively easy to design in compact and symmetric structure, but more 
flexure hinges are required than in lever-type mechanisms.  Hence, this type was chosen for the mechanism. 

In this study, a lever-type flexure hinge mechanism in Fig. 1a was preferred to be potential amplifier to enhance the 
workspace. Although the lever-type mechanism in Fig. 1b can obtain a larger workspace than that in Fig. 1a; however, the 
mechanism motion accuracy (resolution) of this type in Fig. 1b is lower than that in Fig. 1a.  
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Fig. 1. Displacement-amplifier mechanisms: (a) and (b) lever type and (c) bridge type 

The proposed x-and y axis compliant mechanism for positioning that can decouple two translational motions with a 
compact size was designed as in Fig. 2. The mechanism can amplifies the displacement via using the aforementioned lever 
amplifier. In addition, the mechanism can eliminate the cross axis coupling between the x-and y axes. 

 

Fig. 2. 3-D Model of 2-DOF compliant mechanism for positioning in x-and y axes 
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5 METHODOLOGY  

Prior to manufacture a prototype, multiple objective optimization (MOO) process should be performed by using various 
methods such as genetic algorithm, fuzzy logic reasoning, artificial neural networks, and hybrid procedures [15-17]. However, 
to speed a fast manufacturing process as well as reduce time consuming, in this research the response surface method and 
kigring regression model were used in ANSYS software. This is a symmetric compliant mechanism, hence during the analysis 
process, the research concentrated on an exerting force F in the y-axis.  

According to the amount of design variables, the number of experiments is identified by utilizing the central composite 
design (CCD) method. Subsequently, computational analyses are performed to obtain the characteristics of the above design 
points, such as the workspace. As these characteristics are dependent on the design variables, they are named as the output 
parameters. A response surface is a statistical regression model characterizing the relationships between the output 
parameter and the design variables. Based on the computational results, a response surface can be created for each output 
parameter. A 2-D dimension diagram for the positioning mechanism is shown in Fig. 3. 

In this paper, in the design of experiments, seven-factor five-level CCD with rotatable design was used. The number of 
experiments required by the CCD is described by the following equation: 

 2 2k f

cN k n                                                                                                                                                                              (1) 

where N is the total number of experiments, k is the number of design variables, f is the factorial number, and nc is the 
number of replicates at the center point of the design space. 

In this paper, k = 4 and in this case, the factorial number is f = 1. For the computational analysis, only one replicate is 
required at the center point, i.e., nc = 1.  

 

Fig. 3. 2-D dimension view of the 2-DOF compliant mechanism for positioning (unit:mm) 
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In this section, the goal driven optimization toolbox in ANSYS is performed to optimize and control design parameters. 
Multiple objective optimizations briefly describes as follows: 

- Maximize displacement of the platform up to more than 100μm  
- Maximize first natural frequency up to more than 590 HZ 
- Minimize equivalent stress  
- Safety factor is constrained to be more than 1.8 

Subject to constrains as follows: 

- Thickness of circular hinge 
10.3 0.8mmmm t   

- Thickness of leaf spring 
20.3 0.8mmmm t   

- Thickness of circular hinge
30.3 0.8mmmm t   

- Thickness of leaf spring
40.3 0.8mmmm t   

- Radius of circular hinge 2.5mm 
- Width of decoupled element 7.44mm 
- Width of kinematic chain 20mm 
- Thickness of lever 15mm 
- Effective stress /y    

where σy denotes the yield strength of the adopted material, and  1,  is specified safety factor. In this paper,  is 

selected as 1.8. 

The coded levels for the design variables are given in Table 1. The 25 design points were computed via using Eq. (1) for 
the design of experiments, as listed in Table 2. 

Table 1. Coded levels of the design variables 

Design variable Symbol Coded levels 

-c -b a b c 

t1 (mm) x1 0.3 0.4 0.5 0.6 0.7 
t2 (mm) x2 0.3 0.4 0.5 0.6 0.7 
t3 (mm) x3 0.3 0.4 0.5 0.6 0.7 
t4 (mm) x4 0.3 0.4 0.5 0.6 0.7 
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Table 2. Design of experiments 

No. x1 x2 x3 x4 

1 0.5 0.5 0.5 0.5 

2 0.5 0.5 0.5 0.3 

3 0.5 0.5 0.5 0.7 

4 0.3 0.5 0.5 0.5 

5 0.7 0.5 0.5 0.5 

6 0.5 0.3 0.5 0.5 

7 0.5 0.7 0.5 0.5 

8 0.5 0.5 0.3 0.5 

9 0.5 0.5 0.7 0.5 

10 0.4 0.4 0.4 0.4 

11 0.4 0.4 0.4 0.6 

12 0.6 0.4 0.4 0.4 

13 0.6 0.4 0.4 0.6 

14 0.4 0.6 0.4 0.4 

15 0.4 0.6 0.4 0.6 

16 0.6 0.6 0.4 0.4 

17 0.6 0.6 0.4 0.6 

18 0.4 0.4 0.6 0.4 

19 0.4 0.4 0.6 0.6 

20 0.6 0.4 0.6 0.4 

21 0.6 0.4 0.6 0.6 

22 0.4 0.6 0.6 0.4 

23 0.4 0.6 0.6 0.6 

24 0.6 0.6 0.6 0.4 

25 0.6 0.6 0.6 0.6 

6 RESULTS AND DISCUSSION  

Based on the computational results in Table 3, a response surface was created for each output response. Table 4 shows 
the goodness of fit of the response surfaces. Fig. 4 indicates the comparison between the output parameters predicted from 
the response surfaces and those observed at the design points. Excellent agreements demonstrate the effectiveness of the 
response surfaces. Figs. 5 and 6 provide the effect plots, showing the influence of the design variables on the output 
parameters at the center point of the design space. Referring Fig. 5a, the maximum displacement is very sensitive to t3, while 
the influence of t4 is two much low, and the other design variables is moderate. In Fig. 5b, it is seen that the maximum 
equivalent stress is t1 and t3, while the influence of t4 is two much low, and the other design variable is moderate. With 
regard to Fig. 6a, it is clear that the safety factor is very sensitive to t1 and t3, while the influence of t4 is two much low, and 
the other design variable is moderate. Regarding to Fig. 6b, it indicates that the first natural frequency is very sensitive to t1 

and t3, while the influence of t4 is two much low, and the other design variable is moderate.  
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Table 3. Design layout plan and computational results 

No.  (x1, x2, x3, x4) y1 (μm) y2 (MPa) y3 () y4 (Hz) 

1 (a, a, a, a, a) 172.73 229.44 1.90 596.44 
2 (a, a, a, -c) 175.45 231.79 1.88 592.42 
3 (a, a, a, c) 167.66 226.35 1.92 604.12 
4 (-c, a, a, a) 119.12 244.89 1.78 730.53 
5 (c, a, a, a) 95.68 149.41 2.91 707.41 
6 (a, -c, a, a) 174.98 230.17 1.89 596.24 
7 (a, c, a, a)  169.98 228.67 1.90 596.24 
8 (a, a, -c, a) 223.40 266.14 1.63 527.78 
9 (a, a, c, a) 77.31 126.73 3.43 763.49 
10 (-b, -b, -b, -b) 107.67 151.60 2.87 739.69 
11 (-b, -b, -b, b) 120.69 151.48 2.87 715.92 
12 (b, -b, -b, -b) 97.94 128.90 3.37 755.23 
13 (b, -b, -b, b) 121.32 154.36 2.82 709.07 
14 (-b, b, -b, -b) 121.17 160.88 2.70 702.01 
15 (-b, b, -b, b) 108.42 148.60 2.93 733.25 
16 (b, b, -b, -b) 103.17 151.62 2.87 714.80 
17 (b, b, -b, b) 112.06 146.37 2.97 740.26 
18 (-b, -b, b, -b) 168.09 228.06 1.91 555.33 
19 (-b, -b, b, b) 164.60 221.02 1.97 560.86 
20 (b, -b, b, -b) 147.74 208.28 2.09 555.24 
21 (b, -b, b, b) 144.72 201.54 2.16 560.89 
22 (-b, b, b, -b) 165.54 221.96 1.96 554.77 
23 (-b, b, b, b) 162.21 215.59 2.02 560.34 
24 (b, b, b, -b) 87.54 134.21 3.24 736.28 
25 (b, b, b, b) 149.41 201.59 2.16 556.65 

 

When the response surfaces have been built, the lower and upper bounds of the response surfaces are listed in Table 5. It 
was observed that in the current design space, all the design objectives as above section are achievable. Consequently, the 
computational optimization would be performed based on established response surfaces. 

Table 4. The goodness of fit of the response surfaces 

 Workspace Equivalent Stress Safety factor First natural frequency 

Coefficient of Determination (Best Value = 1) 1 1 1 1 

Maximum Relative Residual (Best Value = 0%) 0 0 0 0 

Root Mean Square Error (Best Value = 0) 4*10
-9

 5*10
-6

 3*10
-8

 7*10
-6

 

Relative Root Mean Square Error (Best Value = 0%) 0 0 0 0 

Relative Maximum Absolute Error (Best Value = 0%) 0 0 0 0 

Relative Average Absolute Error (Best Value = 0%) 0 0 0 0 

 

 

Fig. 4. Goodness of fit of the response surfaces and the design points 
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Fig. 5. Effect diagram: (a) maximum displacement, (b) maximum equivalent stress 
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Fig. 6. Effect plot of: (a) safety factor, (b) first natural frequency 

Table 5.  Bounds of the response surfaces 

Characteristics  Minimum Maximum Unit 

Maximum displacement 44.91 192.67 μm 
Maximum stress 17.657 269.78 MPa 
First natural frequency 528.75 1029.20 Hz 
Safety factor 1.43 5.01  

 

However, this workspace is not pursued in this study, the monolithic stage is expected to provide a workspace range in 
excess of 100 m 100 m  .Based on Table 5, the design objectives can be refined to be: 

(1) The maximum displacement should be around 130 μm 
(2) The maximum equivalent stress should be around 230 MPa 
(3) The first natural frequency should be around 650 Hz  
(4) The safety factor should be around 1.8. 
 

Referring to subsequent iterations, it is noted that even though the change the weight and priority of various objectives, 
the results are not changed. On the other word, whole the further results are similar the ones of the first three iterations. 
Hence, this work only carries on the first three iterations. Three best candidates are recorded in Table 6. Ultimately, the 
candidate 2 is selected as the optimal design because it completely satisfies the four design objectives. Another reason is that 
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the higher first natural frequency can increase the speed of the 2-DOF compliant mechanism, as seen in the candidate 2 
(663.26 Hz). 

Table 6.  Comparisons among candidates 

Coded levels Candidate 1 Candidate 2 Candidate 3 

x1 (mm) 0.30 0.32 0.30 
x2 (mm) 0.53 0.62 0.60 
x3 (mm) 0.42 0.38 0.54 
x4 (mm) 0.31 0.37 0.35 
y1 (μm) 139.63 131.60 131.67 
y2 (MPa) 227.69 227.34 223.18 

 y3 (Hz) 656.02 663.26 659.18 
y4 1.81 1.95 1.89 

7 CONFIRMATION EXPERIMENT 

A confirmation simulation in ANSYS software can replace a real experiment that was conducted in order to evaluate the 
predicted travel range in the y-axis. As shown in Fig. 7, the travel of the 2-DOF compliant mechanism was 133.82 μm while 
the predicted travel of the candidate 2 in Table 6 was 131.60 μm. The deviation error between the predicted value and actual 
value is 1.6%.  

 

Fig. 7. The travel of the 2-DOF compliant mechanism in the y-axis 

8 CONCLUSION 

This research presented the design and analysis of two axis translational compliant mechanism for nano scale positioning. 
In this paper, the proposed mechanism was designed via the use of the concept of compliant mechanism. And then multiple 
objective optimization problem of the mechanism was performed by using the response surface method and kigring 
regression model in ANSYS software. A finite element analysis was conducted to explore the effects of process parameters on 
the displacement, stress, first natural frequency, and safety factor. The results showed that the mechanism can amplifies the 

workspace by its self. The proposed 2-DOF compliant mechanism size of 186 mm  186 mm possessed the workspace of 130 

μm  130 μm in the x-and y axes. The confirmation experiment using simulation in ANSYS revealed that the error between 
the predicted result and actual value was 1.6%. It means that there is a good agreement between two results. It is also clear 
that the proposed mechanism has much lower error than that of previous studies in the literature review. 
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Future work will conclude investigation into the suitable controller design to control nonlinear characteristics. A 
prototype will be manufactured and evaluated by experimental tests. The proposed mechanism is expected to be good 
potential candidate for atomic microscopy and mirco-and nano scale technologies. 
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