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Flexure hinge is a critical element in a positioner of a nanoindentation tester. To effectively work, a suitable flexure hinge should
simultaneously meet multiple objectives, including rotation axis shift, safety factor, and angular deflection. �e main aim of this
article was to illustrate a hybrid method of the Taguchi method, fuzzy logic, response surface method, and Moth-flame opti-
mization algorithm to solve the design optimization of a flexure hinge in order to enhance the three quality characteristics of the
flexure hinge. Firstly, four common flexure hinges are compared together to seek the best suitable one. Secondly, numerical
experiments are gathered via the Taguchi-based detasFlex software.�irdly, three objective functions are transferred into signal to
noises in order to eliminate the unit differences. Later on, fuzzymodeling is proposed to interpolate these three objective functions
into one integrated objective function. An integrated regression equation is built using the response surface method. Finally, the
flexure hinge is optimized by the Moth-flame optimization algorithm. �e results found that the rotation axis shift is
10.944∗10− 5mm, the high safety factor is 2.993, and the angular deflection is 52.0058∗10− 3 rad. �e verifications are in a suitable
agreement with the forecasted results. An analysis of variance and sensitivity analysis are also performed to identify the effects and
meaningful contributions of input variables on the integrated objective function. In addition, employing the Wilcoxon signed
rank test and the Friedman test, the results find that the proficiency of the proposed method has more benefits than the ASO
algorithm and the GA. �e results of this research provide a beneficial approach for conducting complicated multiobjective
optimal problems.

1. Introduction

In general, machinery is created by a group of mechanical
elements-assembled links. Mechanical elements are kine-
matic joints, e.g., gear, cam, and bearing [1]. �ere are many
disadvantages of these joints such as friction, wear, and
backlash. �erefore, it is difficult to achieve high accuracy. A
current trend is that mechanical products are required for
more compact size and better precision. For specifics, the
commercial nanoindentation device is utilized for checking

mechanical characteristics of material samples [2, 3], but its
size is extremely large. As a result, they could not connect
with the scanning electron microscope or transmission
electron microscope to make in situ nanoindentation tester,
which can monitor deformations and damages of materials
online [4, 5]. For this purpose, miniaturized devices are
expected.

Currently, compliant mechanisms with flexure hinges
are widely employed for accurate engineering systems
[6–11]. Wadikhaye et al. proposed a compact serial-
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kinematic scanner applied to high-speed atomic force mi-
croscopy [12]. Gauthier and Piat developed a particular
micro-macro positioning system for cell micromanipulation
[13]. Zhu et al. proposed a XY nanopositioning stage in-
tegrated hydrid flexure amplifier with totally decoupled
kinematics [14]. Lu et al. developed a flexure micro-gripper
with high effectiveness and high precision for optical fiber
assembly [15]. Huang et al. developed a compliant positioner
for the nanoindentation tester [16]. �en, Huang et al.
proposed a miniaturized modular nanoindentation device
with the working travel of 12 μm for the xy positioner and
40 μm for the indenter [17]. Generally, in order to achieve
the abovementioned working travels, the compliant posi-
tioners often integrate with compliant amplifiers [18–23].
Wang et al. proposed a hybrid amplifier of lever type and
bridge type integrated into the micro-gripper for the
grasping jaws to close and grasp the manipulated objects
[24]. Tang et al. developed a novel hydraulic displacement
amplifier for piezo-actuated large stroke precision posi-
tioning [25]. Chang and Du proposed a multiple
Scott–Russell linkage to magnify the travel of PZT to achieve
large output displacement [26]. Xu developed a new flexure
gripper based on the Scott–Russell mechanism to amplify
output displacement and to achieve a parallel motion of the
gripper tips [27]. However, a limitation of the amplifiers is
that the design space of device is enlarged. An alternative
design way, the positioners should be integrated suitable
flexure hinges. It is known that a nanoindentation tester
often demands large working stroke, a small parasitic mo-
tion, a high safety factor, a good positioning accuracy, and a
linear displacement. In order to simultaneously obtain the
abovementioned characteristics, flexure hinges should
possess a small rotation axis shift, a high safety factor, and a
large angular deflection. �e proposed flexure hinge can be
integrated into a XY-stage for locating a thin material
specimen, and into a Z-stage for driving an indenter.

Nowadays, flexure hinges are extremely effective ele-
ments for the precise stages because of no friction, no wear,
and no backlash [28, 29]. In general, the quality of a
compliant stage depends on the characteristics of the flexure
hinge. In order to express the quality characteristics of
flexure hinges, analytical approaches were proposed [30, 31].
In order to generate an initial shape of the flexure hinge,
topology optimization was used [32]. In addition, to enhance
the quality responses of flexure hinges, several other ap-
proaches such as shape and size optimization methods were
proposed [33–35]. Although there have been much efforts
with regard to designing and optimizing the flexure hinges,
the design optimization of a flexure hinge for use in a
nanoindentation tester has not been studied yet. �erefore,
in the current research, a suitable flexure hinge is simul-
taneously optimized with multiple qualities, including ro-
tation axis shift, safety factor, and angular deflection. �e
suggested flexure hinge can be embedded into both the XY-
and-Z positioners in a nanoindentation tester.

It is known that three mentioned qualities of the flexure
hinge are resisted together. In order to simultaneously
balance the desires, the newly integrated optimization
method is proposed to resolve the problem in this paper. In

the last decades, the Taguchi method (TM) is widely utilized
in quality enhancement with the lowest number of exper-
iments [36]. Conversely, the TM only optimized a separate
criterion, and it is not able to simultaneously solve multi-
criteria. Besides, there are many algorithms based on pop-
ulation such as genetic algorithm [37], cuckoo search al-
gorithm [38], and particle swarm optimization [39].
However, these algorithms require initial control parame-
ters. �erefore, in order to increase the convergence speed,
other algorithms with less initial parameters were proposed
such as the teaching-learning-based optimization [40–42],
atom search optimization algorithm [43], Rao and Pawar’s
algorithms [44], and the Moth-flame optimization (MFO)
[45]. �ese algorithms very effectively solved a fitness
function. In order to effectively solve multiple fitness
functions, a few integrated methods have been carried out by
many researchers. For instance, Dao optimized a flexure
mechanism through Taguchi, gray, and fuzzy logic [46]. Hou
et al. proposed an integrated method of Taguchi, response
surface method, and genetic algorithm to optimize one
single criterion for the milling process [47]. Garg proposed
hybrid algorithms for constrained optimal problems such as
integration approach of PSO-GA [48] and GSA-GA [49, 50].
Le proposed a game-theoretic optimization via Parallel Min-
Max Ant System algorithm, utilized to define the Nash
equilibrium value in order to solve the confusion in selecting
suitable bidders of multiround procurement trouble in
software project management [51]. Dao et al. proposed an
integrated method of Taguchi and cuckoo search algorithm
for a flexure positioner [52]. Xiao et al. integrated the radius
basis functional network and the genetic algorithm for a
micro-gripper [53]. Dang et al. proposed an integrated
approach of the Taguchi method, the response surface
method, the enhanced adaptive neuro-fuzzy inference sys-
tem, and the teaching-learning-based optimization for the
positioning stage [54]. Tran et al. developed an integrated
method for optimization of the Scott–Russell mechanism
[55]. Furthermore, some different integration algorithms of
Taguchi and fuzzy logic have been suggested [56]. In the
mentioned optimization methods, the MFO algorithm is an
efficient approach because of its fast convergence and de-
creased calculating time. However, this algorithm has not
solved multiple performances yet. Hence, a combination of
fuzzy logic and MFO algorithm is proposed for optimizing
multiple fitness functions for the flexure hinge. In this re-
search, an effective combination of the Taguchi method,
fuzzy logic, the response surface method, and the MFO
algorithm is developed to solve three objectives, namely,
optimal problem of the flexure hinge in terms of accurate
results, quick computing speed, and reducing costs.

�e key aims of this article are to evaluate and choose a
suitable flexure hinge for application in the nanoindentation
tester. In this study, an integrated optimization method of
the Taguchi method, fuzzy logic, the response surface
method, and the MFO algorithm is developed to simulta-
neously optimize the three performances for the flexure
hinge in terms of rotation axis shift, safety factor, and an-
gular deflection. Numerically experimental datasets are
collected based on the Taguchi and the detasFlex software.
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�ree objective functions are then changed into signal to
noises to eradicate their unit differences. Next, fuzzy
modeling is to interpolate three objective functions into one
integrated objective function. �e integrated regression
equation of the fuzzymodeling is formulated by the response
surface method. Ultimately, the main geometrical param-
eters of the flexure hinge are optimized by the MFO algo-
rithm. Sensitivity of input variables is evaluated the by
analysis of variance to identify their influences. Lastly, the
validations of the optimized results are validated.

2. Proposed Optimization Methodology

A flowchart illustrates a new effective optimization ap-
proach, which is integrated by the Taguchi method, fuzzy
logic reasoning, the response surface method, and the MFO
algorithm, as shown in Figure 1. In the field of flexure-based
mechanisms, the parameters of flexure hinge are very
sensitive to the three mentioned characteristics. �e de-
veloped approach is proposed to optimize key geometrical
parameters of the proposed flexure hinge in order to si-
multaneously achieve three technical requirements, in-
cluding small rotation axis shift, high safety factor, and large
angular deflection. In this study, the proposed approach
comprises four main phases as follows: (i) define the optimal
problem and select the flexure hinge, (ii) fuzzy modeling,
(iii) establish the integrated regression equation by the re-
sponse surface method, and (iv) conduct the optimization
problem by the MFO algorithm.

2.1. Phase (i): Define Optimal Problem and Select Flexure
Hinge. Based on the demands of a nanoindentation tester,
the three abovementioned qualities of the flexure hinge are
identified. Four common flexure hinges are evaluated by the
destasFlex software [57]. Design variables and objective
functions are determined. By a combination of the Taguchi
method and the detasFlex Software, data are collected. Next,
three objective functions are calculated to become corre-
sponding signal to noises (S/N) in order to eliminate the unit
influences.

2.2. Phase (ii): Fuzzy Modeling. In this research, conse-
quently, fuzzy modeling is proposed to interpolate three
objective functions into one integrated objective function.
�e fuzzy modeling comprises knowledge base, fuzzification
process, inference engine, and defuzzification procedure.
Specifics could be concisely illustrated in the literature
[58–60]. Firstly, the fuzzification process utilizes member-
ship functions (MFs) to fuzzify the S/N proportions. Later
on, the inference engine implements a reasoning replied the
on fuzzy rules. Ultimately, defuzzification transforms a fuzzy
value into an integrated objective function (Z).

2.3. Main Step 1: Fuzzification Process. In the fuzzification
process, real values are converted into linguistic parameters.
In addition, knowledge-based rules are built, and mem-
bership functions (MF) of the fuzzy sets are determined.

Inference engine system relies on the established rules,
which permits to utilize practical experiences from the
designer in order to achieve high precision for the control
system.

2.4. Main Step 2: Defuzzification Process. Defuzzication
makes the output of the fuzzy inference system (FIS) into a
real value, a nonfuzzy value (Z), which is a combination of
three fitness functions into one objective function. In this
process, the centroid method is utilized for the conversion.
Based on the integrated objective function, the regression
equation was established to map the input design variables
and the integrated objective function. To execute the FIS
algorithmmodeling, the outputs of the system are computed
based on the centroid method, and Mamdani insinuation is
utilized for defuzzification in this article. In this study, the
Gaussian MFs are proposed for both the inputs and outputs
in order to establish the fuzzy sets based on initial data. �e
value of MFs are in the range from zero to one.�e Gaussian
membership function is identified by:

μA(x, c, σ) � e
− (1/2)((x− c)/σ)2

, (1)

where Gaussian MF is defined by c and σ; c symbolizes the
MFs center; and σ defines the MFs width.

2.5. Phase (iii): Establish Integrated Regression Equation.
After the defuzzification process, based on the results of the
three objective functions and design variables, the integrated
regression equation was interpolated to establish the relation
among the input variables and the integrated objective (Z). If
this equation is reliable, it is used for the optimization
process in a later phase.

2.6. Phase (iv): Optimize Parameters by Moth-Flame
Optimization. �e MFO algorithm was proposed to solve
many different engineering areas [45]. As illustrated in
Figure 1, the MFO randomly initializes moths in the
resolution area, then computing each moth’s fitness values
(i.e., position), as well as attaching the best position via
flame. Later on, apprising the positions of moths relies on
a helical travelling formula to obtain better points at-
tached via a flame, upgrading the latest and the most
perfect specific points, as well as replicating the prior
procedures (i.e., improving the current positions of the
moths and creating new ones) till the assessment objec-
tives are satisfied. Features and applications of the MFO
algorithm can be read in more literatures [61–63]. In
addition, the initial setting parameters of this algorithm
are illustrated in Table 1.

�isMFO algorithm comprises three substeps as follows.

2.7. Substep 1: Producing the Initial Population of Moths.
Every moth could wing in 1-D, 2-D, 3-D, or hyperdimen-
sional area. An initial array of moths is defined as follows:
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End
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Figure 1: Flowchart for the proposed modeling and optimization method.

Table 1: Initial setting parameters of the MFO algorithm.

Factor General value
Quantity of searching agents 30–50
Quantity of moths 10–30
Maximal quantity of repetitions 100–10000
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M �

m1,1 m1,2 · · · · · · m1,d

m2,1 m2,2 · · · · · · m2,d

. . . . .

. . . . .

. . . . .

mn,1 mn,2 · · · · · · mn,d

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (2)

where n and d are the moths’ number as well as the number
of dimensions in the resolution area, respectively. In ad-
dition, the suitability values for full moths are stored in an
array as

OM �

OM1

OM2

.

.

.

OMn
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. (3)

In the MFO algorithm, flames are regarded as the rest
aspects. �is matrix depicts the flames in the D-dimensional
area monitored by their appropriateness formula vector:

F �

F1,1 F1,1 · · · · · · F1,1

F1,1 F1,1 · · · · · · F1,1

. . . . .

. . . . .
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.

(4)

It is remarked that both solutions are generated bymoths
and flames.�e way of handling and upgrading them in each
iteration illustrates a dissimilarity among them. Until now,
although the best position of the moths is achieved by the
flames, the moths could be real investigation agents that
transfer round the exploration space. Particularly, flames
could be regarded as flags that are decreased via moths while
investigating the exploration area. As a result, every moth
investigates round a flame and upgrades the solution if
obtaining a better position. �e best solution of a moth can
be never lost by this mechanism.

2.8. Substep 2: Upgrading the Moths’ Positions. �e MFO
utilizes three different functions to congregate the global

optimization of the optimal problems. �ese formulas are
identified as

MFO � (I, P, T), (5)

where I indicates the initial random positions of the moths.
�is function is expressed as follows:

I: ∅⟶ M, OM{ }. (6)

�e P function illustrates themobility of the moths in the
search space. �is function obtained the matrix of M and
returns with its upgraded one ultimately.

P: M⟶M. (7)
�e T function represents completion of the investiga-

tion procedure. True if the assessment criterion is satisfied,
and false if the assessment criterion is not satisfied.

T: M⟶ true, false{ }. (8)

�e formula of I function is utilized for executing the
random distribution.

M(i, j) � (ub(i) − lb(j))∗ r and + lb(j), (9)

where lb and ub illustrate the lower and upper bounds of
design variables, respectively. As aforementioned, the moths
fly in the investigation space utilizing the cross direction.

Firstly, helix’s primary point ought to begin from the
moth. Secondly, helix’s ending point ought to be the
position of the flame. Finally, fluctuation of the variety of
spirals ought to not surpass the searching area. As a result,
the logarithmic helix for the MFO algorithm is identified
as:

S Mi, Fj  � Di.e
bt

. cos(2πt) + Fj, (10)

whereDi, b, and t express the gap of the i-th moth for the j-th
flame, a stable value for determining the shape of the log-
arithmic spiral, and a random number from − 1 to 1, re-
spectively. D parameter is computed as follows:

Di � Fj − Mi



, (11)

where Mi, Fj , and Di illustrate the ith moth, the j-th flame,
and the gap of the ith moth for the j-th flame, respectively.

In the MFO, the equilibrizing among exploitation and
exploration is ensured by the helical movement of the
moth near the flame in the investigation area. In addition,
to avoid dropping in the entraps of the local optimization,
the optimized resolutions are preserved in each reitera-
tion, and the moths hover around the flames so that every
moth hovers nearby the nearest flame utilizing the OF and
OM matrices.

2.9. Substep 3: Updating the Number of Flames. �is part
emphasizes improving the exploitation of the MFO algo-
rithm (i.e., upgrading the moths’ positions in n different
places in the investigation area can decline a chance of
exploitation of the best hopeful resolutions). Consequently,
reducing quantity of the flames assists to resolve this
problem in accordance with the following equation:

Mathematical Problems in Engineering 5



flame no � round N − l∗
N − l

T
 , (12)

where N, l, and T present the maximal number of flames,
the current quantity of iterations, as well as the maximal
quantity of iterations, respectively. �ese more details can
be read in the literature [45].

In the present study, the hybrid approach combines the
Taguchi method, fuzzy logic, the response surface method,
and the MFO algorithm in order to optimize the three
quality responses for the selected flexure hinge. In general,
each objective function is assigned by the weight factor.
Meanwhile, in this research, in the fuzzy modeling phase,
three objective functions are interpolated into one integrated
objective function and the weight factor for each objective
function is also assigned automatically by fuzzy modeling. In
addition, mechanical engineers can apply their experiences
based on fuzzy modeling. As a result, this hybrid approach is
effective, rapid, and accurate for solving the complex op-
timization problems.

�ere are several differences in the proposed method,
compared to others. Firstly, an integrated optimization
method of the Taguchi method, fuzzy logic, the response
surface method, and the MFO algorithm is developed to
simultaneously optimize the three performances for the
flexure hinge. Especially, three objective functions are then
changed into the S/N values to eradicate their unit differ-
ences. Next, fuzzy modeling is to interpolate three objective
functions into one integrated objective function. �e inte-
grated regression equation of the fuzzy modeling is estab-
lished by the response surface method. Particularly, in this
research, the weight factor is ignored by utilizing fuzzy
modeling.

3. Results and Discussion

3.1. Evaluation and Selection for Flexure Hinge. �e key
target of this article is to seek a suitable flexure hinge for
integrating into compliant positioners in the nano-
indentation tester. To find suitable flexure hinge, three
important assessment criteria, including rotation axis shift,
safety factor, and maximal angular deflection, are interested.
Figure 2 illustrates four common kinds of flexure hinges,
including right circular hinge, corner-filleted hinge, elliptical
hinge, and power function hinge (power of 2). To compare
fairly the main characteristics, including rotation axis shift,
safety factor, and angular deflection, the initial geometrical
parameters (H� 10mm, h� 0.5mm, L1 � 10mm,
L2 �10mm, and w � 5mm) were selected with the same
general dimensions. In addition, the four proposed flexure
hinges were established with the same left fixed constraint
and free end with the same initial input condition deflection
angle (φ � 10). For specifics, the rotational axis shift, v, is the
distance between the primary center point C and the di-
rected center point C’, with an unchanging distance of L2
during the movement (fixed center approach), as illustrated
in Figure 3. �e axis shift defines the rotational precision.
�e rotational axis shift of a flexure hinge is desired to
achieve the smallest value in order to obtain a high

positioning accuracy. Furthermore, a safety factor is defined
in accordance with the relation between yield strength and
maximal stress. �e final characteristic, the maximum an-
gular deflection can be expressed by

φmax � SF.φ, (13)

where SF is the safety factor and φ is the input deflection
angle.

Moreover, safety factor and maximal angular deflection
are two important output responses for ensuring the
strength of the material and expanding the working stroke of
the positioning stage due to the limitation of a piezoactuator.
As shown in Table 2, the results indicated that the elliptical
hinge has the rotation axis shift of 9.7633e − 05mm, safety
factor of 2.95, and a maximal angular deflection of 0.052 rad.
�e rotation axis shift of the elliptical hinge is higher than
that of the power function 1 (power of n� 2) and the right
circular hinge but smaller than that of a corner-filleted hinge.
In addition, safety factor and maximal angular detection of
the elliptical hinge achieved the highest values. �erefore,
the elliptical hinge was selected as the best suitable hinge,
which is expected to integrate into positioners in the
nanoindentation tester.

Meanwhile, rotation axis shift, safety factor, and maxi-
mal angular deflection are conflicted together. Conse-
quently, to achieve simultaneously the output quality
responses, the hybrid optimization approach was proposed
to balance for the three output responses in this article.

3.2. Determination of the Design Optimization for the Flexure
Hinge. According to the field of flexure-based mechanisms
[6–15], the main geometrical parameters of the flexure hinge
significantly affect the output quality of the responses. In this
paper, three geometrical parameters of the elliptical flexure
hinge include the thickness of (h), x-axis radius (rx), and y-
axis radius (ry), which were chosen as the design variables.
Consequently, with the purpose of improving the output
objectives of the flexure hinge, these key geometric factors of
the flexure hinge need to be optimized. In order to be used
for positioners, the elliptical hinge should meet important
characteristics such as

(a) A small rotation axis shift for increasing the accuracy
in linear motion

(b) A high safety factor for ensuring safety operation
(c) A large angular deflection for enlarging spacious

ability of location

3.2.1. Design Variables. �ree key geometric dimensions of
the elliptical hinge consist of the thickness (h), the x-axis
radius (rx), and the y-axis radius (ry), as shown in Figure 3.
�e vector of design variables is expressed as
X � [h, rx, ry]T. �e limitation requirements for the design
variables were formed according to specialized knowledge,
machining ability, and the mechanical engineer’s experi-
ences, which were stated by
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0.4mm≤ h≤ 0.6mm,

4mm≤ rx ≤ 6mm,

2mm≤ ry ≤ 3mm,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(14)

where h, rx, and ry are the thickness of the elliptical flexure
hinge, the x-axis radius, and the y-axis radius, respectively.

3.2.2. Objective Functions. In this paper, the three quality
objectives of the elliptical hinge are regarded as: (i) �e small
rotation axis shift, y1(X), is required to ensure the position
precision. (ii) �e high safety factor, y2(X), is expected to
guarantee the strength of the flexure hinge. (iii) �e angular
deflection, y3(X), is desired to be as large as possible so as to
enlarge the operating stroke ability. To conclude, the optimi-
zation problem is illustrated as follows:

Find X � [h, rx, ry]T

Miny1(X),

Maxy2(X),

Maxy3(X).

(15)

It is difficult to solve this multi-criteria problem for three
objective functions. In this research, these objective functions

were transferred into signal to noise in order to eliminate the
unit differences of the three objective functions. Later on, based
on the signal to noise results of the three objective functions, the
fuzzy modeling was utilized to integrate three objective func-
tions into one objective function. And then, the multi-criteria
problem was transformed into one criterion optimization
problem. In the Taguchi analysis, the more signal to noise it
obtains, the better output objective function it achieves. On the
other hand, to find optimal parameters, the integrated function
is expected to achieve maximal value in order to achieve a high
S/N ratio. �erefore, in this study, the optimal problem for an
integrated objective function was defined as

MaxZ(X). (16)

3.2.3. Constraints. �e elliptical hinge is expected to inte-
grate into positioners for a nanoindentation tester. It was
working under an elastic limitation of the suggested ma-
terial, which is expressed by

g(x) � σ ≤
σy

SF

, (17)

where σy is the yield stress of the material, namely, AL7075
and SF is the safety factor.
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Figure 2: Four types of flexure hinges [57]. (a) Right circular hinge. (b) Cornear-filleted hinge. (c) Elliptical hinge. (d) Power function hinge.
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�e rotation axis shift was desired to be smaller than
0.00012 as

y1(X)≤ 0.00012. (18)

�e safety factor was required to be higher than 2 as

y2(X)≥ 2. (19)

�e angular deflection was preferred to be more than
0.052 rad as

y3(X)≥ 0.05, (20)

where y1, y2 , and y3 represent rotation axis shift, safety
factor, and angular deflection, respectively.

3.3. Establishment for Design of Experiments and Calculation
of S/N Ratios. In this study, three geometrical parameters,
including the thickness of the elliptical flexure hinge (h), the
x-axis radius (rx), and the y-axis radius (ry), were chosen as
design variables. A design of experiments (DoE) was
employed to determine the relation among input design
variables and the quality responses. Each of the three factors
was divided into three levels relying on the professional
experiences of mechanical researchers, as demonstrated in
Table 3. �e L9 (34) experimental matrix of the TM was
adopted to build a minimal experiment. Rotation axis shift
(y1), safety factor (y2), and maximal angular deflection (y3)

were collected based on the detasFlex software, and results of
the numerical experiment are indicated in Table 4.

Next, the three objective functions of the elliptical hinge
were changed into the corresponding S/N ratios as follows.

�e S/N for the larger type was utilized for the high safety
factor and the large angular deflection, which was deter-
mined by

η � − 10 log
1
n



n

i�1

1
y
2
i

⎛⎝ ⎞⎠, (21)

�e S/N for the smaller type was utilized for the rotation
axis shift, which was identified by

η � − 10 log
1
n



n

i�1
y
2
i

⎛⎝ ⎞⎠, (22)

where yi is the ith response and n is the replication of ith
experiment.

Based on the numeric experimental results in Table 4, the
S/N ratio values for y1, y2, and y3 were calculated according
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Figure 3: Factors for the theoretical characterization of a flexure joint (illustration of the primary and deflected position) for the
identification of the rotational axis shift [57].

Table 2: Specifications of the four flexure hinges.

Flexure hinges Geometrical parameters (mm) Input deflection
angle (degree)

Rotation axis shift
(v) (mm)

Safety
factor (SF)

Maximal angular deflection
(φ) (rad)

Right circular
hinge

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 9.987, w � 5 Analysis angle (1°) 7.2113e − 05 2.11 0.037

Corner filleted
hinge

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5 Analysis angle (1°) 0.00022379 0.1 0.176

Elliptical hinge H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5, rx � 5, ry � 2.5 Analysis angle (1°) 9.7633e − 05 2.95 0.052

Power function
1 (n� 2)

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5 Analysis angle (1°) 5.486e − 05 1.55 0.027

Table 3: Process factors and their levels (unit: mm).

Factors Range Level 1 Level 2 Level 3
h 0.4–0.6 0.4 0.5 0.6
rx 4–6 4 5 6
ry 2–3 2 2.5 3
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to equations (21) and (22). �erefore, the orthogonal array
with design variables, experimental results, and the S/N ratio
values, respectively, are shown in Table 5.

3.4. Establishment of the Fuzzy Model. �e objective of the
suggested fuzzy process is to transfer three inputs into one
input in which the inputs are S/N values of three perfor-
mances of the elliptical hinge, and the output is considered
as the integrated fitness function (Z). �e Z function is then
utilized for optimizing.

Based on the datasets of the design variables and the
output responses, the Gaussian MFs were proposed for the
fuzzy inputs and the output. �e membership functions of
the S/N of the rotation axis shift, the S/N of the safety factor,
and the S/N of the angular deflection are plotted in
Figures 4(a)–4(c), respectively. Moreover, in accordance
with the design experience, the input variables and the
output responses are fuzzified into twenty-seven fuzzy sets:
small small small (SM), small small medium (M), small small
large (ML), small medium small (M), small medium me-
dium (ML), small medium large (L), small large large (VL),
medium small small (SM), medium small medium (SM),
medium small large (M), medium medium small (SM),
medium medium medium (M), medium medium large
(ML), medium large small (M), medium large medium
(ML), medium large large, large small small (VS), large small
medium (SM), large small large (SM), large medium small
(S), large medium medium (SM), large medium large (M),
large large small (SM), large large medium (M), and large
large (ML). �e related MFs for the input variables and the
output variables are illustrated in Figure 5, and the partic-
ularized parameters of the fuzzy inference system with the
Gaussian MFs are specified in Table 6. �e output values of
fuzzy modeling are given in Table 7. Figures 6–8 illustrate
correlations of S/N inputs versus the output of this system.
Figure 9 is an illustrative example of fuzzy rules.

3.5. Establishment of the Regression Equation. After estab-
lishing the integrated function based on fuzzy modeling, in
order to find optimal parameters of the flexure hinges, an
integrated regression equation was formed to map the input
parameters and the integrated function. Regression equation
illustrates the relationship design variables, and the output
fuzzy is as follows:

Z � − 2.058 + 3.518 × h + 0.5670 × rx + 0.05367 × ry − 1.023 × h × h

− 0.01867r
2
x + 0.02067 × r

2
y − 0.2520 × h × rx − 0.7227 × h × ry.

(23)

Table 8 illustrates the ANOVA results of the integrated
regression equation. �is analysis was accomplished at 5%
significance and 95% confidence levels. As illustrated in
Table 8, the percentage of the integrated regression equation
of rx was the highest with 85.25%, and its percentage of ry
and h were meaningfully greater at 9.22% and 3.76%, re-
spectively. However, the other influence parameters item-
ized gave a much smaller effect percentage. �e percentage
of collaboration between rx and rx, between ry and ry, and
between h and hwere 0.52%, 0.12% , and 0.04%, respectively.
Consequently, to increase the value of Z, parameters rx and
ry need to be extremely controlled. Furthermore, the per-
centage of error was 0% for Z.

�e statistic method exploited the sensitivity of the in-
puts to the output-integrated response. As shown in Fig-
ure 10, factor h demonstrated that in the range from 0.4mm
to 0.6mm, this factor influenced the output-integrated re-
sponse to decrease marginally. Similarly, factor ry demon-
strated that in the range from 2mm to 3mm, it caused
gradual reduction to the response. Meanwhile, the param-
eter rx depicted that in the range from 4mm to 6mm, it
affected a sharp increase to the output-integrated response.

Briefly, the overall influences of the input variables were
demonstrated, as in Figure 11. It provides a rise as well as
reduces the variety in each parameter. Based on this effect,
the mechanical researchers can adjust the parameters in
order to gain a suitable design for the proposed flexure
hinge.

Table 4: Experimental results and output responses.

No. h (mm) rx (mm) ry (mm) y1 (mm) y2 y3 (rad)
1 0.4 4 2 7.8076E − 05 2.95 0.052
2 0.4 5 2.5 8.85E − 05 3.319 0.058
3 0.4 6 3 9.79E − 05 3.65 0.064
4 0.5 4 2.5 7.84E − 05 2.36 0.041
5 0.5 5 3 9.03E − 05 2.71 0.047
6 0.5 6 2 0.00012828 3.94 0.069
7 0.6 4 3 7.89E − 05 1.97 0.034
8 0.6 5 2 0.00011544 2.98 0.052
9 0.6 6 2.5 0.00012636 3.22 0.056

Table 5: Results of the S/N ratio for y1 (SNRA1), y2 (SNRA2), and y3
(SNRA3).

No. h rx ry SNRA1 (dB) SNRA2 (dB) SNRA3 (dB)
1 0.4 4 2 82.1496 9.3964 − 25.6799
2 0.4 5 2.5 81.0605 10.4201 − 24.7314
3 0.4 6 3 80.1868 11.2459 − 23.8764
4 0.5 4 2.5 82.1139 7.4582 − 27.7443
5 0.5 5 3 80.8830 8.6594 − 26.5580
6 0.5 6 2 77.8368 11.9099 − 23.2230
7 0.6 4 3 82.0607 5.8893 − 29.3704
8 0.6 5 2 78.7529 9.4843 − 25.6799
9 0.6 6 2.5 77.9678 10.1571 − 25.0362
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3.6. Optimization Implementation. Based on the regression
equation, the MFO algorithm was exploited for seeking
optimization variables. �e MFO algorithm was extended to
seek the best parameters of the elliptical hinge because of its
fast convergence speed to global optimization solutions.

In order to maximize the integrated function (Z), the
MFO algorithm was conducted by MATLAB 2017b. �e
primary parameters of MFO are illustrated in Table 9.

�e optimal design variables were detected at xval � [0.6 6
3] and fval � 2.7614. �e optimal results were at h� 0.6mm,
rx � 6mm, ry � 3mm, and Z� 2.7614 corresponding to
y1 � 0.00010944mm, y2 � 2.99349, and y3 � 0.0520058 rad,
respectively.

3.7. Validation. In the previous section, the optimal factors
are found, including h� 0.6mm, rx� 6mm, ry� 3mm.With
Z� 2.7614, the optimal performances of the hinge are cor-
responding to y1� 0.00010944mm, y2� 2.99349, and
y3� 0.0520058 rad. By using the optimal factors, the optimal
performanaces of the hinge are confirmed through detasFlex
software. Later on, numerical validations were carried out to
verify the forecasted results. �is procedure was imple-
mented with the same constraints and the same input initial

angle. �e verified results illustrated that the rotation axis
shift was approximately 0.00011715mm, the safety factor
was 2.95, and the angular deflection was 0.052 rad.

Table 10 depicts that the error among forecasted con-
sequences and confirmations for the rotation axis shift, the
safety factor, and the angular deflection is 6.58%, 1.47% and
0.01%, respectively. It means that the predicted solutions are
in a suitable agreement with the confirmed consequences.

As illustrated in Table 11, the optimization results were
better than the initial results about the safety factor and the
angular deflection in comparison with the initial design.
Specifically, an enhancement for the safety factor was ap-
proximately 10.46% and for angular deflection it was about
10.65%. However, a reduction for the rotation axis shift was
approximately 21.2%. It depicts that the proposed integrated
approach is an effective method to carry out multi-criteria
optimal problem of the proposed flexure hinge.

In addition, as illustrated in Table 12, the optimization
results of the flexure hinge were compared again with the
results of the right circular hinge, the corner-filleted hinge,
the and power function 1 (n� 2).�e results showed that the
optimal hinge obtained the highest value of the safety factor
and the maximal angular deflection. As a result, the optimal
hinge will be chosen for integration into compliant
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Figure 4: Membership functions plot: (a) rotation axis shift, (b) safety factor, and (c) angular deflection.
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positioners applied to nanoindentation tester system based
on the quality responses of the proposed hinge.

3.8. Comparison with Different Methods. In this research, to
assess the statistical manner of the integrated method, a
statistic analysis was utilized. �e Wilcoxon test was utilized
to illustrate the manner of the integrated method. �e
calculation simulations were accomplished 30 times for
every method in seeking the integrated objective function
(Z). �is technique was accomplished at 5% meaningful
grade and 95% assurance intervals. �e outcomes of the
Wilcoxon test are indicated in Table 13.

As known, a null hypothesis is supposed when there is
no major dissimilarity between the average values of the
two algorithms. �e results illustrate that the P value is

smaller than 0.001 (5% significance level), which is a great
confirmation against the null hypothesis, as illustrated in
Table 13. It means that there is statistic dissimilarity
among the hybrid approach and the atom search opti-
mization (ASO) algorithm [43]. �e result indicates that
the integrated approach overcomes the ASO algorithm in
resolving the optimal design of the proposed flexure
hinge.

In a different way, the Friedman test determined the
dissimilarity between the proposed integrated optimization
method and the ASO algorithm at a meaningful grade of
α� 0.05. �e Friedman test was implemented for the inte-
grated objective function. �e computational simulations
were carried out 30 times for every algorithm. �e conse-
quences illustrated that the P value is smaller than 0.001.
Consequently, the null hypothesis was denied. �erefore,
there is dissimilarity among the proposed integrated method
and the ASO algorithm, as shown in Table 14.

In addition, the average convergence time for 30 runs of
each algorithm was compared among the proposed method
and the genetic algorithm (GA) [37] and the ASO algorithm
[43] for seeking the integrated objective function. All three
methods were run with a maximum number of iterations of
500. �e result showed that the convergence speed of the
proposed method overcomes the convergence speed of the
ASO algorithm and the GA algorithm, as illustrated in
Table 15.

In summary, the major findings of the present article
are as follows: (i) An elliptical hinge is the most suitable

Table 6: Fuzzy rules for evaluating the characteristics of the elliptical flexure hinge.

Rule Input 1 Input 2 Input 3 OutputRotation axis shift Safety factor Angular deflection
R1 Small Small Small SM
R2 Small Small Medium M
R3 Small Small Large ML
R4 Small Medium Small M
R5 Small Medium Medium ML
R6 Small Medium Large L
R7 Small Large Small ML
R8 Small Large Medium L
R9 Small Large Large VL
R10 Medium Small Small SM
R11 Medium Small Medium SM
R12 Medium Small Large M
R13 Medium Medium Small SM
R14 Medium Medium Medium M
R15 Medium Medium Large ML
R16 Medium Large Small M
R17 Medium Large Medium ML
R18 Medium Large Large L
R19 Large Small Small VS
R20 Large Small Medium SM
R21 Large Small Large SM
R22 Large Medium Small S
R23 Large Medium Medium SM
R24 Large Medium Large M
R25 Large Large Small SM
R26 Large Large Medium M
R27 Large Large Large ML

Table 7: �e inputs and the output of fuzzy modeling.

SNRA1 SNRA2 SNRA3 Output (Z)
82.1496 9.3964 − 25.6799 0.363
81.0605 10.4201 − 24.7314 0.59
80.1868 11.2459 − 23.8764 0.79
82.1139 7.4582 − 27.7443 0.27
80.8830 8.6594 − 26.5580 0.446
77.8368 11.9099 − 23.2230 0.886
82.0607 5.8893 − 29.3704 0.0946
78.7529 9.4843 − 25.6799 0.619
77.9678 10.1571 − 25.0362 0.686
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for an integration into compliant positioners in the
nanoindentation tester system. (ii) An effective integra-
tion method of the Taguchi method, fuzzy logic, the
response surface method, and the MFO algorithm is
developed to simultaneously optimize so as to enhance
the three performances for the flexure hinge. (iii) �e
Optimal elliptical flexure hinge has better behaviors than
the initial design and other flexure hinges. (iv) �e hybrid

optimization approach outweighs the ASO algorithm and
the GA.

Furthermore, the advantages of the present study are
summarized as follows: (i) �e effective use of the optimal
strategy was meant to optimize the parameters of the el-
liptical hinge in order to enhance the three quality responses
of the flexure hinge simultaneously. (ii) In the fuzzy mod-
eling, the weight factors for each objective function were
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Table 8: ANOVA analysis.

Source DF Seq SS Contribution (%) Adj SS Adj MS P value
Model 8 0.522239 100.00 0.522239 0.065280 Meaningful
Linear 3 0.512998 98.23 0.218474 0.072825 Meaningful

h 1 0.019654 3.76 0.019654 0.019654 Meaningful
rx 1 0.445211 85.25 0.194056 0.194056 Meaningful
ry 1 0.048133 9.22 0.031314 0.031314 Meaningful

Square 3 0.003539 0.68 0.000818 0.000273 Meaningful
h∗h 1 0.000209 0.04 0.000209 0.000209 Meaningful
rx∗rx 1 0.002699 0.52 0.000523 0.000523 Meaningful
ry∗ry 1 0.000631 0.12 0.000040 0.000040 Meaningful

2-Way interaction 2 0.005702 1.09 0.005702 0.002851 Meaningful
h∗rx 1 0.003744 0.72 0.000953 0.000953 Meaningful
h∗ry 1 0.001958 0.38 0.001958 0.001958 Meaningful

Error 0 — — — —
Overall 8 0.522239 100.00
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Table 9: Used primary parameters for the MFO.

Parameters Value
Number of searching agents 50
Maximal number of repetitions 500

Table 10: Error among the predicted results and validations.

Responses Forecast Verification Error (%)
y1 (mm) 0.00010944 0.00011715 6.58
y2 2.99349 2.95 1.47
y2 (rad) 0.0520058 0.052 0.01

Table 11: Differences between the initial design and the optimized design.

Performance Optimized design Initial design Improvement (%)
y1 (mm) 0.00010944 9.03E − 05 − 21.19
y2 2.99349 2.71 10.46
y3 (rad) 0.0520058 0.047 10.65

Table 12: Comparison of the optimized hinge with the other hinges.

Flexure hinges Geometrical parameters (mm) Input deflection
angle (degree)

Rotation axis shift
(v) (mm)

Safety
factor (SF)

Maximal angular deflection
(φ) (rad)

Right circular
hinge

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 9.987, w � 5 Analysis angle (1°) 7.2113e-05 2.11 0.037

Corner filleted
hinge

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5 Analysis angle (1°) 0.00022379 0.1 0.176

Power function 1
(n� 2)

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5 Analysis angle (1°) 5.486e-05 1.55 0.027

�e optimized
hinge

H� 10, h� 0.5, L1 � 10, L2 �10,
l� 10, w � 5, rx � 5, ry � 2.5 Analysis angle (1°) 0.00010944 2.99349 0.0520058
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assigned automatically for the integrated equation. (iii)
Mechanical researchers can assign their professional expe-
riences for establishing a relationship between the fuzzy
inputs and the fuzzy output in order to enhance the accuracy
of the optimal results in the fuzzy modeling phase.

4. Conclusions

�is article proposed an effective integration optimiza-
tion method for the elliptical flexure hinge. �is flexure
hinge was desired to integrate into a positioner, which
locates the material specimen during the nano-
indentation testing. Based on the detasFLEX software,
four kinds of flexure hinges, namely, right circular hinge,
corner-filleted hinge, elliptical hinge, and power function
hinge 1, were compared in terms of rotation axis shift,
safety factor, and maximal angular deflection with the
same value of the initial analysis angle. Based on the
analysis results, the elliptical hinge was selected because
of its beneficial features.

To simultaneously improve the small rotation axis shift, the
high safety factor, and the angular deflection, the key factors of
the elliptical flexure hinge were optimized by a combination of
the Taguchi method, fuzzy logic reasoning, the response surface
method, and the MFO algorithm. Firstly, numerical experi-
ments are collected by the Taguchi-based detasFlex software.
Secondly, three objective functions are conveyed into signal to
noise so as to eradicate the unit dissimilarities. �irdly, fuzzy
modeling is proposed to interpolate three objective functions
into one integrated objective function. An integrated regression
equation is established utilizing the response surface method.
Finally, the flexure hinge is optimized by the Moth-flame
optimization algorithm. �e consequences demonstrated that
the optimized factors were found at h� 0.6mm, rx� 6mm, and

ry� 3mm. Besides, the results indicated that the small rotation
axis shift is 10.944∗10− 5mm, the high safety factor is 2.993, and
the angular deflection is 52.0058∗10− 3 rad. In addition, the
sensitivity analysis and the analysis of variance were accom-
plished to identify meaningful influences of the input variables
on the integration response.

Relying on the Wilcoxon and Friedman results, the
integrated method overcomes the ASO algorithm. Fur-
thermore, the average convergence time for 30 runs of the
algorithms, namely, the integrated approach, the ASO
algorithm, and the GA was compared. �e result illus-
trated that the convergence speed of the proposed
method is better than the convergence speed of the ASO
algorithm and the GA. �erefore, based on the above-
mentioned results, the proposed integration approach is
beneficial and effective to conduct the multi-objectives
optimization problem for complicated engineering.

�e limitations of the current study are that estab-
lishing fuzzy rules for mapping fuzzy inputs and fuzzy
outputs are relatively complicated. Moreover, formation
requires professional experiences and takes lots of time.
To simplify the calculation for complex optimization
problems, future researchers can use the adaptive net-
work-based fuzzy inference system or other approaches
to conduct optimal process. However, each approach has
advantages and disadvantages for optimal calculations.
Based on the real problem, the researchers should choose
a suitable approach.

In the future research, an elliptical hinge will be
fabricated in order to compare the optimal results. In
addition, the elliptical hinge will be integrated into
compliant positioners for locating material samples in the
nanoindentation tester. �e optimization method can be
extended to solve multiple degrees of freedom posi-
tioners. Moreover, the proposed hybrid approach will be
applied for solving complex multi-objective optimal
problems.

Data Availability

�e data used to support the findings of this study are in-
cluded within the article.

Table 13: Wilcoxon’s comparison of the present method vs ASO.

Number of tests Approximated average P value Wilcoxon statistic
30 0.0137299 <0.001 465

Table 14: Friedman test for the integrated objective function.

Output-integrated objective No. Average Ranks
�e present method 30 2.76140 60
ASO 30 2.74791 30
Total 60 2.75466
DF Chi-square P value
1 30 <0.001
Null hypothesis H₀ : All treatment influences are zero
Substitute hypothesis H₁ : Not all treatment influences are zero

Table 15: Average convergence time’s comparison of proposed
algorithm vs the ASO and the GA.

Output-integrated objective Average convergence time (s)
�e present method 11.446
ASO 11.867
GA 13.159
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