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ANALYSIS AND OPTIMAL DESIGN THE EFFECT OF DESIGN 
VARIABLES ON MAGANIFICATION RATIO OF A MAGANIFICATION 

MACHANISM EMPLOYING FLEXIBLE HINGE

Abstract.In order to high work performant for compliant mechanism about motion scope, work long term 
and high frequency. Therefore, in this investigation displacement, maximum principal stress and the first 
modal shape frequency were analyzed by Finite element analysis (FEA) for a magnification mechanism to 
find out effects of design variables on magnification ratio of this mechanism. The FEA outcomes indicated 
that design variables have significantly affected on magnification ratio, maximum principal stress and the 
first modal shape frequency of a magnification mechanism. The magnification ratio obtained 42.83 times 
thereby maximum principal stress is equal to 132.79 MPa and the first modal shape frequency is equal to 
377.44 Hz, respectively. The forecast results by the Taguchi method achieve a displacement of 0.4392 mm, 
and according to this method the optimal structure has a displacement of 0.4451 mm with the dimensions 
of the following variables: variable A is 0 mm, variable B is 23 mm and C is 60 mm, the parameters combine 
at the levels A1B2C1. This structure amplified 44.51 times, this result is a good agreement compared with 
the forecast results, the error compared to the forecast is 1.33%.the forecast results, the error compared to 
the forecast is 1.33%.
Keywords. Magnification mechanism, flexure hinge, Finite element analysis, Magnification ratio.

PHÂN TÍCH CHUY N V VÀ NG SU T C U KHU I S
D N T H U H N

TÓM T T. nâng cao hi u su t làm vi i v ph m vi làm viêc, làm vi c lâu dài và 
t n s cao. Vì v y, trong nghiên c u này chuy n v , ng su t chính c i và d ng t n s

c phân tích b n t h u h u khu tìm ra ng 
c a các bi n thi t k n khu i c u này. K t qu phân tích ph n t h u h ra r ng 
các bi n thi t k có ng quan tr khu i, ng su t chính c i và d ng t n s riêng 

u tiên khu i t 42.83 l n trong khi ng su t chính c i b ng 132.79 MPa và t n s riêng 
u tiên b ng 377.44 Hz. K t qu d chuy n v là 0.4392 mm, 

u t chuy n v là 0.4451 mm v c c a các bi
sau: bi n A là 0 mm, bi n B là 23 mm và bi n C là 60 mm, các thông s k t h p t i các m
c u này khu i lên 44.51 l n, k t qu ng ý t t so v i k t qu d báo, sai s so v i d báo là 
1.33%.
T khóa. u khu i, Kh p b n l i, Phân tích ph n t h u h n, khu i.

1. Introduction
The study of development of effective precision positioning mechanisms has challenges. Because the 
essential need for state-of-the art technologies in several industries, such as semiconductor manufacturing, 
where ultra-precise machining and micro-electro-mechanical-systems (MEMS) are mandatory. For 
example, a 0.15-l (130 nm) process on 300 mm silicon wafer has recently been developed and a 65 nm 
process will be realized soon. A new actuating mechanisms and control strategies are essential to overtake 
the current limitations and obtain precision position in the nanometer range. One method to solving this 
kind of problems is to design new flexure hinges powered by piezoelectric actuators. 
In recent a few decades, many kind of flexible hinges applied for many compliant mechanisms to limit the 
use of classical joints. The circular flexible hinge was utilized for 3-RRR compliant mechanisms, 3-DOF 
mechanism and 3-DOF parallel mechanism [1-3], two kinetostatic outcomes were achieved using two 
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different flexure hinge. The stress distribution at all critical points, maximum reach, natural frequencies
and the corresponding modal shape were analyzed and confirmed by experiment. The dynamic performance 
of the 3-DOF flexure mechanism was analyzed by FEA and verified by experiments.  Dao and Huang [4-
9], optimized displacement amplification ratio by using Taguchi method-grey relational analysis based 
fuzzy logic approach. Xu and Li [10] presented many optimum approach to design compliant mechanism 
using flexible hinge for many applications. Th

The power function 
shaped FHs was designed for many applications as presented in reference [11]. The power-function shape 
flexure hinge obtains higher motion precision than the circular and V-shaped flexure hinge.  The general 
two-segment, circular-axis, symmetric flexure hinges was proposed by Lobontiu and Cullin [12] the new 
circular-axis flexure design was compared with the existing straight-axis right circular flexure hinge. The 
leaf flexible hinge was created by Qi et al.  [13] the magnification ratio of the mechanism was analyzed and 
compared with existing methods and verified by the previous test.  The Triple-LET and LET FH was 
faricated by Qiu et al [14], Triple-LET flexure hinge can obtain 1800 without plastic deformation. Three 
traditional flexible hinges, filleted V-shaped flexure hinges and cycloidal hinge  were designed by Tian et 
al. [15] the closed form compliance equations for filleted V-shaped flexure hinges was established and 
confirmed by FEA.   The fillet leaf and circular flexible hinge were presented by Yang et al. [16], the static 
responses of the planar symmetric superplastic flexible hinge with different notches were analyzed and 
compared. The circular and leaf flexible hinges were applied to analyze static and dynamic for complex 
compliant mechanisms by Ling et al. [17], the static displacement and fundamental frequency were 
compared another existing theoretical method and FEA. Choi et al [18] designed and fabricated the test 
magnification mechanism model using flexure hinge.
To bypass this limitation and realize the low range of work with a precision position of several nanometers, 
a magnification mechanism using flexible hinges and driven by a piezoactuator can be utilized. The 
magnification mechanism has designed for many application has compact size, high magnification ratio, 
high frequency and light weight. Therefore, the leaf flexible hinge was selected for this mechanism. In this 
research, the magnification ratio of magnification mechanism was optimized by Taguchi method based on 
FEA in ANSYS.

2. Design of mechanism model, set up finite element model and boundary condition

2.1. Design of mechanism model

The model of the magnification mechanism as illustrated in Figure 1 was proposed in this study. The 
dimensions A, B and C are design variables, respectively as presented in Figure 1. The flexure hinge 
thickness is constant 0.3 mm and the other dimensions are constant.
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Figure 1. Magnification mechanisms employing flexible hinge

The magnification mechanism was designed in Solidworks and then it was insert in to Static Structural and 
Modal in ANSYS to analyze displacement, principal stress and modal shape frequency. The material AL-
7075 is used for this mechanism as listed in Table 1. The model was divided meshing by automatically as 
shown in Figure 2. with 68233 elements and 316289 nodes, element size is equal to 0.5 mm. The boundary 
condition was set up at six surface horizontal is fix support, and at the B surface is input displacement 
of 0.01 mm as illustrated in Figure 2.

Figure 2. Boundary condition
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Table 1 Mechanical properties of material

Material
Young's modulus 

(GPa)
Poisson's 

ratio
Yield 
(MPa)

72 0.33 503

3. Taguchi Method

The Taguchi method (TM) in Minitab 18 software is applied to create orthogonal array, the optimal output 
characteristics obtain as the theory model must point out first, and then the optimal methods were applied. 
However, the deviations compare with theory model are very large, then the optimal methods cannot be 
approving. Therefore, this investigation applied Taguchi method based on grey relational analysis and 
artificial neural network to optimize these output characteristics. 
Choose optimization combination parameters for the output characteristics.
Design control factors and their levels.
Lay out L27 orthogonal array
Carried out simulation and collected simulation data.

[4, 7, 19-21]
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where is the observed data average at the ith experiment, n is the quality of experiments, 

In this investigation, S/N analysis, analysis of variance and regression equation.

4. Results and discussion

4.1. Set up variables and their level for simulation 

In this investigation, three length dimension were selected as three design variables with changed 
dimensions and were presented in Table 2, namely variable A changes 0 mm and 1 mm, variable B changes 
20 mm, 23 mm and 26 mm, and variable C changes 60 mm, 63 mm, 66mm. 

Factor Unit
Levels 

1 2 3
Length  A mm 0 1.0
Length B mm 20 23 26
Length C mm 60 63 66

4.2. Effect analysis of variable A

The output displacement of the mechanism is significantly changed by variable A as depicted in Figure 5. 
Because the deformation decreases from 0.3639 mm to 0.2306 mm therein variable A increases from 0 mm 
to 1 mm, variable B and C are equal to 20 mm and 60 mm, respectively. While the maximum principal 
stress and modal shape frequency rise from 98.577 MPa to 106.45 MPa and 264.26 Hz to 340.82 Hz, 
respectively as illustrated in Figure 6 and Figure 7. The obtained displacement amplification ratio is higher 
than the previous publication [18].
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(a) A = 0 mm (b) A = 1 mm
Figure 3. Effect of variable A on deformation

(a) A = 0 mm (b) A = 1 mm
Figure 4. Effect of Variable A on maximum principal stress

(a) A= 0 mm (b) A = 1 mm
Figure 5. Effect of Variable A on modal shape of frequency

4.3. Effect analysis of variable B

The output displacement of the mechanism is significantly changed by variable B as depicted in Figure 8. 
Because the deformation increases from 0.3383 mm to 0.42829 mm therein variable B increases from 20 
mm to 26 mm, variable A and C are equal to 0 mm and 63 mm, respectively. While the maximum principal 
stress rises from 103.83 MPa to 132.79 MPa and then reduces to 124.94 MPa, this phenomenon is due to 
variable B increased to 23 mm, the stress have high value and then decreased when variable B was 26 mm, 
modal shape frequency rises from 262.73 Hz to 377.44 Hz, respectively as shown in Figure 9 and Figure 
10. The obtained displacement amplification ratio is higher than the previous publication [18].
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(a) B = 20 mm (b) B = 23 mm

(a) B = 26 mm
Figure 6. Effect of variable B to deformation

(a) B = 20 mm (b) B = 23 mm

(c) B = 26 mm
Figure 7. Effect of Variable B to maximum principal stress



142 ANALYSIS AND OPTIMAL DESIGN THE EFFECT OF DESIGN VARIABLES 
ONMAGANIFICATION RATIO OF A MAGANIFICATION MACHANISM EMPLOYING FLEXIBLE HINGE

© 2020 i h c Công nghi p Thành ph H Chí Minh

(a) B = 20 mm (b) B = 23 mm

(c) B = 26 mm
Figure 8. Effect of Variable B to modal shape of frequency

4.4. Effect analysis of variable C

The output displacement of the mechanism is significantly changed by variable B as depicted in Figure 11. 
Because the deformation changed from 0.31219 mm to 0.21979 mm therein variable C changes from 60 
mm to 66 mm, variable A and B are equal to 1 mm and 23 mm, respectively. While the maximum principal 
stress and modal shape frequency changed from 129.65 MPa to 119.59 MPa and 393.98 Hz to 386.4 Hz, 
respectively as shown in Figure 12 and Figure 13. The obtained displacement amplification ratio is higher 
than the previous publication [18].

(a) C = 60 mm (b) C = 63 mm

(c) C = 66 mm
Figure 9. Effect of variable C to deformation
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(a) C = 60 mm (b) C = 63 mm

(c) C = 66 mm
Figure 10. Effect of Variable C to maximum principal stress

(a) C = 60 mm (b) C =63 mm

(c) C = 66 mm
Figure 11. Effect of Variable C to modal shape of frequency

The orthogonal arrays and FEM outcomes obtained from Minitab 18.0 and ANSYS as listed in Table 3. 
The displacement outcomes were utilized to select one combination parameters which have high 
magnification ratio of displacement by Taguchi method, through signal to noise analysis.
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Table 3. Orthogonal arrays, FEM results
Trial No. A B C Displacement (mm)

1 0 20 60 0.3640
2 0 20 63 0.3383
3 0 20 66 0.3105
4 0 23 60 0.4392
5 0 23 63 0.4283
6 0 23 66 0.4032
7 0 26 60 0.4201
8 0 26 63 0.4213
9 0 26 66 0.3858
10 1 20 60 0.2306
11 1 20 63 0.1883
12 1 20 66 0.1514
13 1 23 60 0.3130
14 1 23 63 0.2706
15 1 23 66 0.2200
16 1 26 60 0.3130
17 1 26 63 0.2875
18 1 26 66 0.2386

4.5. Analysis of signal to noise ratio

a) b)
Figure 12. a) S/N ratio plot, b) Mean plot

The signal to noise analysis outcomes as presented in Figure 12a, it obtained combination parameters at 
optimal level is A1B2C1 and the same result as illustrated in Figure 12b is mean analysis results. The mean 
values and signal to noise values was pointed out in Table 4. In this Table, maximum values are optimal 
values. Maximum values of means were utilized to predict displacement or displacement amplification ratio 
of the magnification mechanism.

Table 4. Response Table for signal to noise ratios and means
For signal to noise ratios For means

Level A B C Level A B C
1 -8.230 -11.999 -9.396 1 0.3901 0.2638 0.3466
2 -12.400 -9.499 -10.162 2 0.2459 0.3457 0.3224
3 -9.446 -11.386 3 0.3444 0.2849

Delta 4.170 2.553 1.990 Delta 0.1442 0.0819 0.0617
Rank 1 2 3 Rank 1 2 3
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4.6. Analysis of variance

The analysis of variance outcomes as listed in Table 5, in this Table indicated degree of freedom of variable 
A is 1, variable B is 2, variable C is 2. The contribution percent of variable A is 69.95%, variable B is 
19.72%, variable C is 8.68% and error is 1.64%. The F-values are greater than 2 and P-values are equal to 
zero. The problems identified that design variables have significantly influenced on displacement of 
magnification where variable A has the most influence, then variable B and finally variable C. the R-square 
is equal to 98.36%, R-square(adj) is 97.67%, R-square(Pred) is 96.3%.

Table 5. Analysis of Variance

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
A 1 0.093557 69.95% 0.093557 0.093557 510.42 0.000
B 2 0.026379 19.72% 0.026379 0.013190 71.96 0.000
C 2 0.011607 8.68% 0.011607 0.005804 31.66 0.000

Error 12 0.002200 1.64% 0.002200 0.000183
Total 17 0.133743 100.00%

R square = 98.36%, R square(adj)=97.67%, R square(Pred)=96.30%

4.7. Analysis of regression

Regression Equation as depicted in Eq. (2) and drawn out in Figure 13, indicated that the change of 
displacement in 18 simulations. The regression values and simulation values are good agree with each other. 
Because the graphs of their lie near each other.

Displacement = -1.688 - 0.14419 x + 0.2260 y - 0.01029 z - 0.004622 y*y (2)

Figure 13. Compare FEM results with predicted results of RE

4.7. Predicted and conformation 

q
1 3 1 2

0
1

(3)

0 3901 0 3444 0 3466 2 0 3180 0 4451

1 1
(1, ) ( )CI F fe VeCE n Reff e

(4)

At confidence interval 95%, error interval is determined as following: 
A 0.05(1,12) =4.7472  [22] , Ve =0.000183, R = 5, Re = 1, n = 18.
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1
4.7472 0.000183 ( 1) 0.034

18
1 5

CI
CE , 0.4110 0.4791

confirmation

The forecasted value of displacement was obtained 0.4451 mm by Eq. (3) and error confirm is equal to in 
interval.

5. Conclusions

The influences of three variables A and B on displacement, maximum principal stress and the first modal 
shape frequency were analyzed by FEA. The outcomes identified that the variables A, B and C have 
significantly influenced on magnification ratio of the magnification mechanism. where variable A has the 
most influence, then variable B and finally variable C. The variables made to displacement changes from 
0.3383 mm to 0.4283 mm corresponding with the magnification ratio changes from 33.83 times to 42.83 
times. While the maximum principal stress increases from 103.83 MPa to132.79 MPa and then reduces to 
124.94 MPa. The variable A made to reduce magnification ratio from 36.39 times to 23.06 times. While 
the maximum principal stress increases from 98.57 MPa to106.45 MPa. The analysis of variance and signal 
to noise analysis also confirmed that Variables A, B and C have significantly affected on displacement or 
magnification ratio at the same the simulation results. The optimal outcome of displacement achieved 
0.4392 mm, while predicted result of displacement is 0.4451 mm, the results are good agree with error is 
1.33%.
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