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Abstract: In situ nanoindentation is extensively employed for online observing deformation and
mechanical behaviors of bio-materials. However, the existing designs of the positioning stages have
limited performances for testing soft or hard biomaterials. Consequently, this paper proposes a new
structural design of a compliant one degree of freedom (01-DOF) stage with faster response. In
addition to a new design, this article applies an analytical method to estimate the kinematic and
dynamic behaviors of the stage. Firstly, the 01-DOF stage is designed with two modules, including
a displacement amplifier with six levers and a symmetric parallelogram mechanism. Secondly, a
kinetostatic diagram of the stage is built by pseudo-rigid-body method. Then, the dynamic equation
of the proposed stage is formulated using the Lagrange method. In order to speed up the response of
the indentation system, the structural optimization of the stage is conducted via the Firefly algorithm.
The results showed that the theoretical first-order resonant frequency is found at about 226.8458 Hz.
The theoretical consequences are nearby to the verified simulation. Besides, this achieved frequency
of the presented stage is greater than that of previous stages. In an upcoming study, the prototype
will be fabricated by additive manufacturing method or a computerized wire cutting method in order
to verify the analytical results with experimental results.

Keywords: compliant mechanism; 1-dof stage; in-situ nanoindentation; pseudo-rigid-body model;
Lagrange’s principle; Firefly algorithm

1. Introduction

Generally, in situ nanoindentation devices use mechanical components for online
detecting and observing of the deformable mechanics and mechanical properties of bio-
materials [1]. In particular, in situ nanoindentation was applied in the field of implants
(e.g., bone, teeth, femur, prosthetics) [2,3]. However, the mechanical components, (e.g.,
machine base, shaft, bush, gear, cam, sliding rail, ball screw, and ball nut) have existing
restrictions, such as clearance, friction, wear, and vibration. Consequently, these mechani-
cal devices are complicated for obtaining a precise transmission. In addition, a compact
structure is a recent tendency in designing a new in situ nanoindentation tester in order to
reduce energy consumption. Especially, in situ nanoindentation often requires many force
and displacement feedback sensors to achieve a precise positioning capability. In such in
situ nanoindentation applications, the two main modules consist of an indenter driving
stage and a bio-material sample locating stage. However, the existing stages still have a
slow responding speed, i.e., low resonant frequency [4,5]. Additionally, they are difficult to
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install positioners in in situ nanoindentation with a scanning electron microscope (SEM) or
transmission electron microscope (TEM) due to their large size. Therefore, a new structural
design of the stage with a faster responding speed has an increasing demand.

In the two last decades, many designs of in situ nanoindentation in SEM/TEM were
developed. Rabe et al. [6] developed an SEM nanoscratch instrument with the indenter
driving stage of 20 µm. A TEM nanoindentation was proposed for deformation testing of
Al–Mg films [7]. Considering the mechanical and electrical properties of nanomaterials, a
survey on SEM in situ nanoindentation was investigated deeply [8]. The nanomechanical
properties of micro/nano materials were observed through in situ nanoindentation in
SEM [9]. Nano thin-films for an MEM force sensor were tested by in situ nanoindentation
in SEM and TEM [10]. One-D nanostructure materials were checked via this technique [11].
Presently, according to the crucial benefits of compliant mechanisms include smooth motion
without friction and backlash, monolithic structure, slight mass, cheap price and miniature
structure [12–14], it has been expansively utilized to research and gradually substitute
conventional structure. Particularly for the nanoindentation tester, an indenter driving
stage of 11.44 µm was developed by Huang [15]. Additionally, Huang et al. [16] developed
another stage with 40 µm. Besides, Zhao et al. [17] developed an indenter driving stage with
15 µm. In practical applications, a nanoindentation device requires an excellent locating
precision, high operating travel and a high material strength [15,18].

Along with the applications in in situ nanoindentation, compliant mechanisms have
been extensively exploited for prospective applications, e.g., positioner [19], lithogra-
phy [20], microscopy [21], and micromanipulator [22]. Specifically, a diamond turning
operation was developed using a compliant mechanism [23]. Several complaint reconfig-
urable stages were developed in a module architecture [24]. The compliant mechanism was
applied for polishing operations [25]. However, the stroke of a piezoelectric actuator is often
small. In order to obtain the larger working travels, the previous stage was integrated with
displacement amplifiers [26]. An effective design of a 3-DOF positioner with a lever ampli-
fier type was well developed [7]. Then, a two-lever displacement magnification mechanism
was proposed [27]. A hybrid lever-bridge amplifier was designed [28]. A Scott–Russell
mechanism was used as a displacement amplifier [29]. In the design synthesis of compliant
mechanisms, formulating modeling approaches in predicting the mechanical behaviors
is often complex because the kinematic and mechanical behaviors are coupled, i.e., these
behaviors are ambiguous. At present, modeling compliant mechanisms is conducted in
two main approaches. Primarily, analytical approaches comprise of a pseudo-rigid-body
model (PRBM), compliance matrix method, elastic beam theory, and Castigliano’s second
theorem [30]. Besides, intelligence-based computational methods were well-formulated
such as fuzzy logic, artificial neural network, and adaptive neuro-fuzzy inference system
(ANFIS) [31]. Especially, the PRBM is well blended with the Largange method to rapidly
assess the primary superiority performances of the positioners, e.g., force-displacement
curve and dynamic response.

Although many micro/nanopositioners have been dedicated for ultra positioning
engineering but there has been lack of studies on the precision stages for driving the
indenter which can be embedded into the nanoindentation tester for biomedical samples
(e.g., bone, teeth, femur implants). Additionally, the working travel for stages for driving
the indenter is still small and they are difficult to apply for a diverse variety of many
nanoindentation applications. With the purpose of fullfiling the technical demands for an
in situ nanoindentation, a miniaturized size, a fast response, and an effective computation
method of the indentation should be balanced. In other words, the symmetry in designing
and analyzing phases of indentation should remain to reduce the complexity of the design
and facilitate more effective computation techniques. Therefore, the present paper proposes
a new design of the stage/positioner with one degree of freedom (01-DOF). The stage is
created based on a displacement amplifier with six levers and a symmetric parallelogram
mechanism to achieve a high output displacement and reduce parasitic motion error
for indenting a material specimen, especially a bio-specimen. The new novelties of this
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article are summarized as follows: (i) A new design of a compliant 01-DOF stage with
a good dynamic performance in bio-specimen nanoindentation application. (ii) An new
optimization design and synthesis approach that is proposed based on the PRBM, Largange,
and Firefly algorithm to improve the quality response of the 01-DOF stage.

This article is motivated to develop a new design for the 1-DOF stage. The stage is built
by integrating the six-lever displacement amplifier and the parallel driving mechanism.
First of all, the kinematic and dynamic equations are established using a combination of
PRBM and Lagrange method. Then, according to established analytical equations, the
Firefly algorithm is utilized to enhance the frequency of the proposed stage.

2. Conceptual Design of Compliant 1-DOF Stage

In our previous research [32], a potential application of the compliant 1-DOF stage,
or the so-called Z-positioning stage, is shown in Figure 1. The coarse Z-axis positioner, a
coarse XY-positioner, an XY-fine positioner, and a fine Z-axis positioner are among the main
components of the system. The coarse XY positioner is used to determine an initial location
of a bio-specimen, the XY-fine stage is used to define fine location, and the coarse Z-axis
positioner is used to move the testing bio-specimen toward the indenter. Eventually, the
1-DOF positioner is used to drive the indenter to the checking specimen. In the present
article, the compliant 1-DOF stage is developed for such a nanoindentation system.
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In this work, the lever amplifier is aimed to enlarge the displacement of the stage.
Figure 2 describes a basic lever mechanism. Specifically, point O indicates a fixed link
which presents for the lever rotation location. Additionally, the input position and the
output position are noted as P and Q, respectively. The operating principle of an amplifier
comprises of the following steps: (i) an input displacement y1 affects at point M, the lever
revolves an angle ϕ. Subsequently, the position Q transfers to Q’ in order to obtain the
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deformation y2. Meanwhile, the one-lever amplifier causes a significant decoupling error.
Consequently, to decrease the decoupling error and enhance the output displacement, a
symmetric six-lever displacement amplifier is monolithically designed in the proposed
positioner, as illustrated in Figure 3. Moreover, a combination of the symmetric six-leaf
parallel mechanism and the amplifier is to decline the parasitic motion error, as shown in
Figure 4. Especially, this guiding mechanism significantly reduces the parasitic motion
error for the compliant 01-DOF positioner. Based on the working principle, the amplifying
ratio are approximately obtained:

rlever = y2/y1 = x2/x1 (1)
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Figure 3. A six-lever displacement amplifier with elliptical hinges.

In Figure 4, the displacement amplifier includes three floors with six levers which are
employed to enlarge the working displacement of the stage. Specifically, the number of odd
floors ensures that the input displacement has the same direction with the output displace-
ment. For this purpose, controlling the number of floors will ensure the amplification ratio
and the direction of the output displacement in order to effectively monitor the indentation
process. Meanwhile, the parallel guiding mechanism that consists of six leaf hinges, which
is aimed to generate the translation motion, i.e., eliminated parasitic motion errors from the
remaining (x and y) axes. It consists of a lever amplification mechanism of floor 1 (LAM #1),
lever amplification mechanism of floor 2 (LAM #2), and lever amplification mechanism of
floor 3 (LAM #3). The input is acted via a piezoelectric actuator (PZT).
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The material of the proposed 01-DOF stage was manufactured by material Al-7075
because of its outstanding properties of this material. The 01-DOF stage comprises of:
(i) fixed holes, (ii) a PZT actuator, (iii) a parallel guiding mechanism, and (iv) a six-lever
displacement amplifier. The sum dimensions of the stage are around 171 mm × 108 mm
× 10 mm. The elliptical hinge was chosen for the stage due to its excellent benefits [33].
Figure 5 shows the dimensional diagram of the stage. Table 1 provides the key dimensions
of the stage. Specifically, G is the thickness of the elliptical hinge of the LAM #1 and LAM
#2, R is the thickness of the elliptical hinge of the LAM #3, S is the thickness of the right
circular hinge of the output end, and U is the thickness of the leaf hinge of the output end.
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Table 1. Dimensional factors of the proposed stage.

Symbol Value Symbol Value Unit

a 171 i 6 mm
b 108 j 10 mm
c 82 k 5 mm
d 26 m 12 mm
e 16 G 0.65 ≤ G ≤ 0.75 mm
f 10 R 0.5 ≤ R ≤ 0.7 mm
g 22 S 0.5 ≤ S ≤ 0.65 mm
h 26 U 0.5 ≤ U ≤ 0.6

3. Proposed Method

The stage is designed according to the multi-lever amplifier and the parallelogram
mechanism. Then, an analytical modelling is performed via the combination of PRBM and
Lagrange to establish the dymamic equation of the stage. The flowchart of the proposed
optimization approach for the stage is illustrated in Figure 6. It is briefly summarized
as follows.
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- A conceptual design of the 1-DOF stage is predetermined, i.e., built kinematic scheme.
- Predetermine the technical specifications for the 1-DOF stage.
- Establish the dynamic equation for the 1-DOF stage by developing the PRBM and

Lagrange’s method.
- Verify the theoretical results by using ANSYS software.
- If the mathematical models are corrected, the process moves to next step. Otherwise,

the process turns back the step 1.
- Determine the design variables, objective function, and constraint function.
- Firefly algorithm is utilized for the dynamic response of the proposed stage.
- The optimal results are verified via simulations in ANSYS software.
- The first frequency of the stage is compared with that from the previous studies.
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3.1. Overview of Pseudo-Rigid-Body Method

The PRBM is applied to rapidly evaluate the characteristics of the stage. Figure 7a,b
indicates a beam and its PRBM. A torsional spring is located at the beam. The main problem
precisely locates the pivot, and the spring stiffness is correctly calculated when the beam is
subjected to two external loads (force F and moment M). The details of PRBM can be found
in [30].
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3.2. Lagrange’s Principle

The 1-DOF stage is expected to achieve a high speed, i.e., the first frequency should be
high. Consequently, the determination of the dynamic equation is essential for designing
controllers later. To conclude, the Lagrange approach was chosen for this study. The details
of Lagrange is described in [30].

The first-order natural frequency (f ) is proportional to the angular velocity of the
system and the frequency can be computed by:

f =
ω

2π
, (2a)

f =

√
K/M
2π

. (2b)

The kinetic energy (V) is calculated as:

V =
1
2

keqd2, (3)

The potential energy (T) is computed by:

T =
1
2

meq
.
d

2
, (4)

where d denotes the input displacement, keq depicts the equivalent input stiffness, and meq
is the equivalent mass.

The PRBM-based Lagrange method is applied to build the dynamics. The equation of
Lagrange is briefly formed as:

d
dt

∂T

∂
.
d
− ∂T

∂d
+

∂V
∂d

= Fa. (5)

where V represents the kinetic energy, T denotes the potential energy, and Fa is the general-
ized force.
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3.3. Firefly Algorithm

The Firefly algorithm [34] was selected for maximizing the frequency due to its in-
telligent behaviors; the Firefly algorithm (FA) was proposed by Yang [34]. This optimizer
was motivated by the flashing nature of fireflies. The firefly’s flash is exploited as a signal
to fascinate other fireflies. The algorithm had three regulations: (i) the total number of
fireflies are unisexual, and one firefly are fascinated by all the other fireflies. (ii) Fascination
is proportionate to the brightness. Hence, the less bright one goes to the brighter one. (iii) If
there are not any fireflies that are brighter than a specified firefly, it goes to travel arbitrarily.
The brilliance should be related with the objective function. According to above-mentioned
regulations, the flowchart of this algorithm is exhibited in Figure 8. The details of FA can
be found in [34].
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4. Results and Discussion
4.1. Dynamic Establishment for 1-DOF Stage

The kinematic and dynamic modelling of the stage is built via the PRBM-based
Lagrange method. The achieved results are verified by the finite element analysis. A
diagram scheme of the PRBM for the stage is demonstrated in Figure 9.



Symmetry 2022, 14, 1234 10 of 22Symmetry 2022, 14, x FOR PEER REVIEW 10 of 23 
 

 

 
Figure 9. Pseudo-rigid-body diagram for the 1-DOF stage. 

There are three main flexure hinges that are integrated into the proposed compliant 
1-DOF stage. The main parameters of right circular hinge, elliptical hinge, and leaf hinge 
were illustrated in Figure 10, Figure 11, and Figure 12, respectively. In Figure 10, some of 
the main parameters include the thickness of the right circular hinge tc, the radius of the 
right circular hinge (r), and the width of the right circular hinge (bc). Figure 11 shows the 
thickness of the elliptical hinge (h), the width of the elliptical hinge (w), and the two semi-
axes of the elliptical hinge (a and b). In Figure 12, ar is the thickness of the leaf hinge and 
br is the width of the leaf hinge. 

 
Figure 10. Main parameters of right circular hinge. 

Figure 9. Pseudo-rigid-body diagram for the 1-DOF stage.

There are three main flexure hinges that are integrated into the proposed compliant
1-DOF stage. The main parameters of right circular hinge, elliptical hinge, and leaf hinge
were illustrated in Figure 10, Figure 11, and Figure 12, respectively. In Figure 10, some
of the main parameters include the thickness of the right circular hinge tc, the radius of
the right circular hinge (r), and the width of the right circular hinge (bc). Figure 11 shows
the thickness of the elliptical hinge (h), the width of the elliptical hinge (w), and the two
semi-axes of the elliptical hinge (a and b). In Figure 12, ar is the thickness of the leaf hinge
and br is the width of the leaf hinge.
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As seen in Figures 4 and 9, the input displacements of LAM #1, LAM #2, and the
output end consist of din, doutC and doutJ, and dout, respectively. The output displacement of
LAM #1 and LAM #2 is the input displacement of the LAM #3. The dynamic equation of
the stage is formed according to the chain of equations as:

din
H2

H1
= doutC = d2 (6)

din

(
H3 + H4

H3

)
= doutJ = d3 (7)

dout = d2

(
H6

H5

)
+ d3

(
H5 + H6

H5

)
(8)

dout = din

(
H2H3H6 + H1(H3 + H4)(H5 + H6)

H1H3H5

)
(9)
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AR =
dout

din
=

H2H3H6 + H1(H3 + H4)(H5 + H6)

H1H3H5
(10)

where mi denotes the mass, Hi is the length, and ϕj (i = 1, 2 . . . 6, 7), (j = 1, 2, 3, 4) represents
the rotary angular of the rigid links.

The torsional stiffness of the right circular hinge (KC) is described in Equation (11).
The torsional stiffness of elliptical hinge (KE) is depicted in Equation (13). The torsional
stiffness of leaf hinge (KL) is formed in Equation (14). The moment of inertia of the rigid
links (Ij) are described in Equation (15).

KC = 2Ebctc
2.5

9πr0.5 (11)

NE =

2
[√

4
(

b
h

)
+ 1
(

6
(

b
h

)2
+ 4
(

b
h

)
+ 1
)]

+ 6
(

b
h

)(
2
(

b
h

)
+ 1
)2

arctan
(√

4
(

b
h

)
+ 1
)

(
2
(

b
h

)
+ 1
)(

4
(

b
h

)
+ 1
)5/2 (12)

KE =
Ewh3

6NEle
(13)

KL =
Ea3b
12l

(14)

Ij =
mxH2

j

12
(15)

In Figure 9, the kinetic energy of the proposed stage is defined by:

Ek =
7

∑
1
(Et + Er) =

7

∑
1

(
1
2

miv2
i +

1
2

Ii
.
ϕ

2
j

)
(16)

Using Equation (11), the kinetic energy of each rigid link/part is calculated as:

Ek =
1
2 m1

(
H1+H2

2
.
ϕ1

)2
+ 1

2 I1
.
ϕ1

2 + 1
2 m2

(
H3+H4

2
.
ϕ2

)2
+ 1

2 I2
.
ϕ2

2 + 1
2 ma

(
H1+H2

2
.
ϕ1

)2

+ 1
2 mb

(
(H3 + H4)

.
ϕ2
)2

+ 1
2 m3

(
H5+H6

2
.
ϕ3

)2
+ 1

2 I3
.
ϕ3

2 + 1
2 3m4

(
H7
2

.
ϕ4

)2

+ 1
2 I4

.
ϕ4

2 + 1
2 mc

(
(H5 + H6)

.
ϕ3
)2

(17)

In Figure 9, the elastic energy of the proposed stage is defined as:

EV =
4

∑
j=1

1
2

Kj ϕ
2
j (18)

The elastic energy that is achieved based on the deformation of the elliptical hinge,
right circular hinge, and leaf hinge:

EV =
1
2
(k1 + k2 + k3)ϕ2

1 +
1
2
(k4 + k5 + k6)ϕ2

2 +
1
2
(k7 + k8 + 2k9)ϕ2

3 + (6k10)ϕ2
4 (19)

The rotation angular and angular velocity of every link are symbolled (ϕj,
.
ϕj). The

relationships between the rotary angulars are determined by:

ϕ1 =
din
H1

(20)

ϕ2 =

(
H1

H3 + H4

)2
ϕ1 (21)
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ϕ3 =

(
(H2H3H6 + H1(H3 + H4)(H5 + H6))

H3H5(H5 + H6)

)
ϕ1 (22)

ϕ4 =

(
(H2H3H6 + H1(H3 + H4)(H5 + H6))

H3H5H7

)
ϕ1 (23)

By applying an input force Fin, the work is defined as:

W =
1
2

Findin (24)

Considering W = EV, the input force and the input displacement have formed a relation
as follows:

1
2

Findin =
1
2



(k1 + k2 + k3)
1

H1
2 + (k4 + k5 + k6)

1
(H3+H4)

2

+ (k7 + k8 + 2k9)
(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H1 H3 H5(H5+H6)

)
+ 6k10

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H1 H3 H5 H7

)2

d2
in (25)

If the input stiffness of the stage (Kin = Fin/din) divides both sides by d2
in, the stiffness is

determined as:

Kin = (k1 + k2 + k3)
1

H1
2 + (k4 + k5 + k6)

1
(H3+H4)

2

+ (k7 + k8 + 2k9)
(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H1 H3 H5(H5+H6)

)
+ 6k10

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H1 H3 H5 H7

)2 (26)

In the structure, the kinetic energy (Ek) and the elastic energy (Ev) may be conveyed.
These two energies are assembled into Lagrange function as L = Ek − Ev.

4

∑
j=1

{
d
dt

(
∂L
∂

.
ϕj

)
− ∂L

∂ϕj
= Qj

}
(27)

The equation of motion can be defined as follows:

M
..
ϕ1 + Kϕ1 = 0 (28)

M = m1

(
H1+H2

2

)2
+ I1 + m2

(
H1
2

)2
+ I2

(
H1

H3+H4

)2
+ ma

(
H1+H2

2

)2
+ mb(H1)

2+

m3

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

2H3 H5

)2
+ I3

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H3 H5(H5+H6)

)2
+

3m4

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

2H3 H5

)2
+ I4

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H3 H5 H7

)2
+

mc

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H3 H5

)2

(29)

K = (k1 + k2 + k3) + (k4 + k5 + k6)
(

H1
H3+H4

)2
+ (k7 + k8 + 2k9)

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H3 H5(H5+H6)

)2

+ 6k10

(
(H2 H3 H6+H1(H3+H4)(H5+H6))

H3 H5 H7

)2
(30)

The first natural frequency of the proposed positioner is defined as the following equation:

f =
1

2π

(
K
M

)0.5

(31)
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which has the unit of Hertz.

4.2. Verification of Established Analytical Models

The analytical results are validated using Finite element analysis (FEA). From the
theory, the natural frequency was 176.96 Hz, and the first natural frequency was 195.07 Hz
from the FEA results. As given in Table 2, the deviation error between the theory and the
FEA test is about 9.28%. This means that that the formulated modelling method is a good
enough and reliable approach to evaluate the initial characteristic of the developed stage.

Table 2. Validation for the analytical result through FEA result.

Response Theory FEA Error (%)

f (Hz) 176.96 195.07 9.28

4.3. Parameter Optimization of 1-DOF Stage

To avoid the resonance phenomena between the motors, PZT actuators, and compliant
1-DOF stage, the first natural frequency modes are either as small as possible or as large
as possible. In improving the rapid responsiveness of the positioners, the first natural
frequency should be chosen as large as possible. In addition, the angular frequency is
proportional to the natural frequency of the compliant stage. Therefore, the first natural
frequency is proposed to maximize in order to increase the response speed as well as avoid
the resonance phenomena of the positioner. In this article, the optimization problem is
aimed to maximize the resonant frequency, which is briefly defined as:

Find design vector: x = [x1, x2, x3, x4]

Maximize f (x) (32)

S.t:
f (x) > 200 Hz (33)

Limits of design variables (unit: mm):

0.65 ≤ x1 ≤ 0.75

0.5 ≤ x2 ≤ 0.7

0.5 ≤ x3 ≤ 0.65

0.5 ≤ x4 ≤ 0.6

(34)

where f (x) symbolizes the resonant frequency. Meanwhile, x1, x2, x3, and x4 are the
dimensions R, G, S, and U, respectively. Especially, the range of design variables depends
on the design experiences and the characteristics of different floors. Specifically, the
thickness of floor 1 should be more than that of floor 2. In addition, the thickness of floor
2 should be more than that of floor 3. This is needed to permit the strength of the proposed
stage as well as reduce the loss of displacement energy. Meanwhile, a suitable thickness of
various positions of different floors should be defined by optimization process in order to
find the most appropriate values for the proposed structure.

Based on Equations (2)–(34), MATLAB 2017 was employed to develop the integration
approach of the PRBM method and Lagrange’s principle, and the Firefly algorithm. As
a result, the optimal parameters of the stage were found at G = 0.75 mm, R = 0.7 mm,
S = 0.65 mm, U = 0.6 mm. The results found that the first natural frequency is approximtaely
226.8458 Hz. The convergence of the proposed algorithm is provided in Figure 13.
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In addition, a parametric/sensitive study was performed to demonstrate the influences
of the design variables on the first natural frequency, the output displacement, and the safety
factor. This work is performed based on the response surface method and FEA. The effects
of the variable parameters on the first natural frequency, the output displacement, and the
safety factor are provided in Figure 14a–e, Figure 15a–e, and Figure 16a–e, respectively.

4.4. FEA Validation and Comparison

The optimized parameters were used to draw a 3D model. The FEA results showed
that the first natural frequency was 250.01 Hz. In comparison with the draft design result,
the frequency of the developed stage was improved up to 28.19%, as given in Table 3.
In addition, the error optimal results and the FEA results for the first natural frequency
was 9.27%, as illustrated in Table 4. This means that the presented method framework
is a reliable tool for modeling the stage. Furthermore, the resonant frequency worth of
six modes (1–6) are 250.01 Hz, 846.6 Hz, 897.53 Hz, 1146.6 Hz, 1305 Hz, and 1392.3 Hz,
correspondingly. Figure 17 demonstrates the first natural frequency of the 01-DOF stage.
Therefore, the above-mentioned resonant frequency values should be considered in order
to evade the damage of the proposed stage.

Table 3. Comparison of the optimized design with the draft design.

Response Optimal Result Initial Design Result Improvement (%)

f (Hz) 226.8458 176.96 28.19

Table 4. Verification of the optimized result by FEA.

Response Optimal Design Simulation Error (%)

f (Hz) 226.8458 250.01 9.27
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Figure 14. Trends of the frequency based on the alteration of the key stage dimensions: (a) first
natural frequency with factors G and R, (b) first natural frequency with factors R and S, (c) first
natural frequency with factors S and U, (d) first natural frequency with factors U and R, and (e) first
natural frequency with factors G, R, S, and U.
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Figure 15. Trends of the output displacement (input displacement of 52 µm) based on the alteration
of the key stage dimensions: (a) output displacement versus G and R, (b) output displacement versus
R and S, (c) output displacement versus S and U, (d) output displacement versus U and R, and
(e) output displacement versus G, R, S, and U.
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Figure 16. Trends of the safety factor (input displacement of 52 µm) based on the alteration of the
key stage dimensions: (a) safety factor with factors G and R, (b) safety factor with factors R and S,
(c) safety factor with factors S and U, (d) safety factor with factors U and R, and (e) safety factor with
factors G, R, S, and U.
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In this work, the Skewness criterion was employed to define the mesh quality. The
results found that the average value of this criterion was about 0.66, as given in Figure 18.
This value ensures a good mesh for the stage during the simulation.
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In comparison with other optimization methods, the proposed method was com-
pared with the differential evolutionary algorithm (DE) [35] and neural network algorithm
(NNA) [36]. The achieved frequency from the present method and two DE and NNA were
almost similar, as given in Table 5.
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Table 5. Comparison between the presented method and other methods.

Response Presented Method DE NNA

f (Hz) 226.8458 226.8456 226.8448

Table 6 provides a comparison of the present design with the several existing designs.
The results found that the frequency of the present stage is superior to others.

Table 6. Comparison of the present design with previous designs.

Studies Dimensions First-Order Resonant
Frequency (Hz)

Xu [37] 100 mm × 100 mm × 10 mm 91.97
Li and Tian [38] NA 192.00
Chau et al. [39] 120 mm × 50 mm × 10 mm 79.517

The proposed design 171 mm × 108 mm × 10 mm 250.01

5. Conclusions

This article developed a new design of the 01-DOF stage. It was designed to include
the six-lever displacement amplifier and the parallel guiding mechanism. An efficient
integration of the PRBM-based Lagrange method was to build the dynamic equation of the
1-DOF stage. Based on the analytical equation, the Firefly algorithm was implemented to
define the optimal parameters.

The optimized parameters were found at G = 0.75 mm, R = 0.7 mm, S = 0.65 mm, and
U = 0.6 mm. The optimized first natural frequency was about 226.8458 Hz. In addition, the
FEA verification results showed that the first natural frequency was 250.01 Hz. Moreover,
the verification error among the optimization and FEA results was 9.27%. The simulation
verification was close with the optimal result from the hybrid approach. Moreover, the
optimization result was better than the primary design.

In the future investigations, some prototypes will be fabricated based on the additive
manufacturing method or computerized wire cutting method for evaluating with the
numerical analysis and analytical calculation results. A practical manufacture of the stage
will be embedded into a development of an in situ nanoindentation device.
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Nomenclature

1-DOF One degree of freedom
SEM Scanning electron microscope
TEM Transmission electron microscope
PRBM Pseudo-rigid-body model
ANFIS Adaptive neuro-fuzzy inference system
PZT Piezoelectric actuator
LAM 1 Lever displacement amplifier of floor 1
LAM 2 Lever displacement amplifier of floor 2
LAM 3 Lever displacement amplifier of floor 3
KC Stiffness of the semi-circular flexural hinge
KE Stiffness of elliptical hinge
KL Stiffness of leaf hinge
FEA Finite element analysis
DE Differential evolutionary algorithm
NNA Neural network algorithm
f First natural frequency
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