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Abstract 

Compliant nanopositioning stages with built-in ultra-precision actuators are frequently integrated into production and analysis 

instruments comprising ultra-high precision motion generation systems. These stages are essential nanotechnology and advanced 

material analysis components, providing precise positioning capabilities for various applications. However, in the practical 

engineering field, there is a lack of compliant nanopositioning stages that can achieve a long-range motion while maintaining 

accuracy, reliability, and compact size, which is the inspiration for this research. This paper investigates the design, modeling, 

and experimental testing of a long-range motion-compliant nanopositioning stage driven by a normal stressed electromagnetic 

actuator (NSEA). The nanopositioning stage components’ structural framework and working principle, including NSEA, bridge 

type distributed compliant (BTDC) mechanism, and the guiding mechanism, are fully examined to derive an analytical model. 

The analytical model is utilized in the sections that follow. Factors affecting the stroke and natural frequency of the 

nanopositioning stage are also illustrated. The optimization process of the nanopositioning stage is conducted in pursuit of a 

high-precision stage by specifically looking into the electromagnetic, BTDC mechanism, and guiding mechanism parameters. 

This optimization procedure also takes into account various design constraints, including stiffness, saturation flux density, and 

stress. Furthermore, the finite element analysis is used to verify the analytical model, and the results are discussed. The prototype 

is fabricated with reference to the analytical and finite element analysis results, and the experimental tests are conducted, 

including motion and natural frequency tests. In addition, a control system, which adopts both a proportional-integral-derivative 

controller and a damping controller, is designed to create a closed-loop system. Finally, the tracking performance of the stage was 

investigated, and a very minimal tracking error was observed. Overall, the comprehensive models and experimental tests proved 

the stage to be a good model which achieved the objective of the research. 
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1. Introduction 

Many nanotechnology applications and advanced material 

analysis involve compliant nanopositioning stages, which are 

frequently built into manufacturing and analysis tools, in-

cluding lithographic mechanisms, cell manipulation systems, 

and optical microscopes [1, 2]. Compliant mechanisms have 

the ability to boost performance, including high precision due 

to reduced wear repetitive motion, eliminated backlash [3], 

and are beneficial in weight-sensitive applications. In order to 

generate actuation force, compliant nanopositioning stages 

often employ electromagnetic actuators and smart materi-

al-based actuators [4]. Piezoelectric actuator (PEA) is one of 

the most thoroughly investigated actuators in practical engi-

neering due to its favorable rapid response, high precision, 

compact size, and high stiffness. However, PEA produces 

relatively small displacement, limiting its application in long 

working-range operations [5, 6]. As a result, attention has 

recently been drawn to the normal stressed electromagnetic 

actuator (NSEA), which achieves more acceleration than a 

shear-stressed actuator and functions within a larger fre-

quency range than the PEA. The NSEA also has lower heat 

dissipation due to its increased force density in the air gap 

normal direction [7]. Despite its positive traits, a displacement 

amplification mechanism is required to recognize the poten-

tial of the NSEA fully. 

Compliant mechanisms that achieve output motion through 

the deformation of flexible components possess various posi-

tive traits over conventional movable joints, including a more 

efficient assembly period [8]. The displacement amplifiers are 

categorized into lever-type, flexi-tensional type [9], and Scott 

Russell mechanism by Taguchi method [10]. Flexi-tensional 

compliant mechanisms are highly praised for their compact 

size and higher stiffness. They have evolved from early 

mechanisms such as rainbow type [11] to the second genera-

tion mechanisms, including the bridge type mechanism, fol-

lowed by various derivative structures like the nested cellular 

mechanism [12]. In contrast to the mechanisms mentioned 

above, the bridge type mechanism remains the foundation and 

basis of most complex compliant mechanisms while showing 

beneficial traits such as a large amplification ratio and high 

resonant. In previous literature, the bridge-type lumped com-

pliant structures that use the notch flexure hinges have been 

used extensively [13, 14]; however, the presence of rigid 

bodies on the four flexure hinges of the bridge has a signifi-

cant adverse effect on the resonant frequency of the mecha-

nism [5, 15]. In this research, the bridge type distributed 

compliant (BTDC) mechanism is adopted as the displacement 

amplifier because it uses four beam flexure hinges that ex-

clude rigid bodies in between. The bending response of the 

beam flexure under the NSEA actuation enables an adequate 

distribution of the stresses in the BTDC mechanism, ensuring 

a longer life span and greater performance and efficiency than 

conventional mechanical amplifiers in dynamic applications. 

The drawback of the BTDC mechanism lies in the compara-

tively low lateral stiffness [3]. When the output end connector 

places a significant lateral load on the amplifier, the output 

body connected to the end connector is prone to damage due 

to the limited lateral stiffness of the amplifier, which will have 

a low tolerance for this external load. To overcome this, mul-

tiple bridges should be adopted; hence, a BTDC mechanism 

composed of a double bridge should be fabricated. 

Many researchers have shed some light on optimizing the 

NSEA structure and bridge type mechanism, respectively. 

According to [16], accuracy is an ongoing concern in optic 

manufacturing, and both static and dynamic analyses are 

crucial to minimize errors and enhance structure quality. Jin 

and Wang [17] clearly illustrated the need for improvement 

and optimization of the electromagnetic actuators to validate 

their performance since the high magnetoresistance of the 

working air gap limits them. In addition, the efficiency of the 

magnetic circuit and the output stability of the actuator were 

improved. Chen et al. [18] also presented a design method-

ology that facilitated the parameter selection of an 

NSEA-driven nanopositioning stage to obtain the required 

stroke and natural frequency whilst incorporating a flexure 

mechanism in the design. Based on Castigliano’s second 

theorem and strain energy, Lobontiu and Garcia deduced a 

complex analytical method for displacement and stiffness 

calculations for flexure-based compliant mechanisms [19]. 

Design techniques, however, require simple analytical models 

that are sufficiently precise to anticipate the mechanism’s 

performance and further identify its architectural characteris-

tics per the performance requirements. Based on the elastic 

beam theory, Liu [20] presented a theoretical model that pre-

dicts displacement amplification ratio and established an 

analysis for bridge-type amplification mechanism that takes 

into account the effects of external loads and provides a new 

viewpoint into the manufacturing of flexure-based nano 

stages in the industry. Nonetheless, the mechanical properties 

of the BTDC mechanism and NSEA have still not been fully 

discovered. With the contemporary need to manipulate the 

NSEA-driven structures to produce a large stroke in practical 

engineering, this research realizes the simultaneous potential 

of the NSEA and bridge-type structure to produce a greater 

stroke and travel range motion. 

The remainder of this paper is structured as follows: Sec-

tion 2 presents the design layout and working principle of the 

nanopositioning stage components, including the NSEA, 

BTDC mechanism, and the guiding mechanism. The factors 

influencing stroke and natural frequency are also displayed. In 

section 3, the stage parameters are optimized, and the results 

are discussed. The design constraints impacting the optimi-

zation process are discussed, and the analytical model results 

are verified using FEA simulation. In section 4, the experi-

mental procedure is done using open and closed-loop testing. 

A control system is designed and tracking error derived. 

Lastly, the main conclusion is drawn in section 5. 
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2. Static Modeling of the Nanopositioning 

Stage 

2.1. Structure Configuration of the Stage 

The nanopositioning stage displayed in Figure 1 comprises 

two normal stressed electromagnetic actuators (NSEAs), a 

bridge-type distributed compliant (BTDC) mechanism, and 

the guiding mechanism encased in one bottom cover and two 

top covers. Each set of the NSEA consists of the outer stator 

that is subsequently mounted on the bottom cover and is 

wound with coil windings. The middle stator is also attached 

to the bottom cover, which positions the armatures in the 

center. Fastened to their corresponding covers, the PMs are 

also attached to PM stators. 

 
Figure 1. Nanopositioning stage. 

The armatures within the NSEA also serve as the BTDC 

mechanism’s input bodies, enabling a small-sized nanoposi-

tioning stage. These input bodies are coupled to flexure hinges, 

forming a bridge. A guiding mechanism is attached to the 

output end of the BTDC mechanism whilst the other end is 

secured to the bottom cover. The guiding mechanism, NSEA, 

and BTDC mechanism collectively constitute the nanoposi-

tioning stage and operate in unison to produce the final motion. 

The operation of the nanopositioning stage is further demon-

strated by a detailed explanation of its component designs and 

working principles. 

2.2. Design Layout and Working Principle of 

NSEA 

Despite minimal research, NSEA has the ability to perform 

large force density in a relatively long-range motion. The 3D 

layout of the NSEA is clearly shown in Figure 2. In essence, 

the effective working air gap between the armature and stator 

limits the travel range of NSEA. In order to produce linear 

motions for the NSEA, stators, and armatures are produced 

independently and assembled together, necessitating highly 

precise manufacturing accuracy to maintain the desired air 

gaps. Both the armatures and the stators are made of soft 

magnetic material. Unlike traditional normal stressed actua-

tors [21], the entire armature region contributes to force gen-

eration, reducing inertial load and heat dissipation caused by 

eddy currents and hysteresis. Suspended both above and be-

low the two armatures whilst bound by stators on the north 

and south sides, the two PMs are employed to produce DC 

biasing flux 𝐵𝐷 . The excitation coil windings are serially 

connected to the outer stator to generate an AC flux 𝐵𝐴 for 

armature actuation. The total excitation coil windings 𝑁𝐼 

will act as the magnetomotive force MMF, which is the 

magnetic pressure that will set up magnetic flux in the circuit, 

and the maMMF and the reluctance of the magnetic circuit 

then determine the magnitude of the flux density. The track-

ing performance for the NSEA in high-frequency operation is 

adversely affected due to the nonlinear behavior of the actu-

ating force, which increases the difficulty of control and 

plant complexity [7]. Despite the contrary, nonlinearity is 

eliminated by utilizing biasing flux from the permanent 

magnets in the actuating structure. A linear relationship be-

tween the actuation force and the driving current is achieved 

to attain a high-precision motion control. 

 
Figure 2. (a) 3D Layout of NSEA; (b) NSEA top view; (c) NSEA front 

view; (d) NSEA middle part. 

On the left and right side of each armature consists of air 

gaps that are designated as 𝑔0 + 𝑥 and 𝑔0 − 𝑥 respectively. 

When the armature is centered, the air gap is denoted as 

𝑔0 and the armature displacement 𝑥 is taken as negative for 

the movement to the left and positive for movement to the 

right. After the superpositioning of the biasing flux and exci-

tation flux, the flux density on one side of the armature be-

comes stronger than the other side; as a result, a noncontact 

attractive force is generated between the armature and the 

stator, and the x−axis translational motion is realized. 

2.2.1. Biasing Flux Analysis 

By taking into account the XY-plane of the NSEA structure 

in Figure 3(a), the DC flux densities 𝐵𝐷1  and𝐵𝐷2 , are 

achieved by considering the armature movement 𝑥 from the 

center of the two working air gaps of each armature, respec-

tively. Despite being positive when pointed externally at the 

armature, 𝐵𝐷1 and𝐵𝐷2 have dissimilar reference directions. 

Due to the suspension of the PMs in the YZ plane, the biasing 

flux will migrate from the PMs and simultaneously enter 

through the top and bottom parts of the armature, as illustrated 

in Figure 3(b). 

        

                     (a)                                      (b)                                         (c)                                               (d) 
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Figure 3. (a) XY-plane of NSEA structure; (b) YZ-plane of NSEA 

structure. 

Upon entering the armature, the biasing flux splits and ex-

ists through the right and left air gap. The total flux flowing 

from the PMs into respective armatures is labeled as Φ𝑃𝑀 and 

𝑆𝑤𝑝 is the stator pole face area at each working air gap. Based 

on the Gaussian Law and analyzing the area where biasing 

flux enters each armature, the following is derived: 

Φ𝑃𝑀 − (𝐵𝐷1 + 𝐵𝐷2)𝑆𝑤𝑝 = 0     (1) 

With the magnetic permeability µ predicted as infinite in-

side the stators and armatures and the current from excitation 

coil windings set as zero, while taking into consideration the 

above equation, Ampere’s Law is applied to yield: 

∮  
𝐻
→ 

𝑑𝑙
→

𝑐
= 0,            (2) 

𝐵𝐷1 =
𝑔0:𝑥

𝑔0
𝐵𝐷 , 𝐵𝐷2 =

𝑔0;𝑥

𝑔0
𝐵𝐷     (3) 

The average DC bias flux from the PM into the pole surface 

of the stator is denoted as 𝐵𝐷 which can be expressed as fol-

lows: 

𝐵𝐷 =
𝛼𝐼𝐹𝐵𝑟𝑆𝑃𝑀

2𝑆𝑆𝑇
,                (4) 

where 𝐵𝑟 = 𝜙𝑃𝑀 𝑆𝑃𝑀⁄  is the remanence of PM. 𝑆𝑃𝑀  and 

𝑆𝑆𝑇 are the pole surface area of the PM and stator, respectively. 

 
Figure 4. Equivalent DC magnetic circuit model in NSEA. 

Due to the symmetry of the set of the compliant mechanism, 

only the equivalent DC magnetic circuit model in one of the 

NSEAs is needed for analysis. In the magnetic circuit, two 

PMs with internal-reluctance 𝑅𝑃𝑀 are the source of the con-

tinuous magnetic flux, and ɸ
𝑃𝑀

 represents the total flux 

passing through each PM when its internal magnetic field is 

zero. Each of the two PMs has a leakage path that is referred 

to as reluctance.  𝑅𝐿 , and in the vertical direction between 

every armature and PM, there is also a reluctance labeled 𝑅𝑟 . 

In the x-plane of the NSEA structure, there are air gaps in the 

left and right side of the two armatures, and on each armature, 

there are labelled as variable reluctances.  𝑅1  and  𝑅2  re-

spectively. Based on the electromagnetic model, the reluc-

tances above are mathematically expressed as: 

{
  
 

  
 

𝑅1 =
𝑔0;𝑥

𝜇0𝑆𝑆𝑇
 

𝑅2 =
𝑔0:𝑥

𝜇0𝑆𝑆𝑇
 

𝑅𝑃𝑀 =
𝐿𝑃𝑀

𝜇0𝑆𝑃𝑀
 

𝑅𝑟 =
𝐿𝐴𝑃

𝜇0𝑆𝑃𝑀

           (5) 

where 𝑅𝑃𝑀 and 𝐿𝑃𝑀 represent the internal reluctance and 

length of the PM, respectively. 𝐿𝐴𝑃 is the length of the air gap 

between the PM and armature. By identifying the flux from 

PM into the armature as Φ and the total flux flowing out of 

the PM as Φ𝑇, the reluctance ratio is expressed as: 

𝜙

𝜙𝑇
=

2𝑅𝐿

2(𝑅1//𝑅2):4𝑅𝑟:2𝑅𝐿
            (6) 

By further demonstrating that 𝑅𝑟  is significantly larger 

than 𝑅1//𝑅2  whose maximum value is reached when the 

armature is centered and based on this armature position, the 

following is obtained: 

𝑅1//𝑅2

𝑅𝑟
=

𝑔0𝑆𝑃𝑀

2𝑆𝑆𝑇𝐿𝐴𝑃
             (7) 

The combination of Equations (6) and (7) yields 𝑅𝐿 which 

is expressed as a fraction of 𝑅𝑟. In light of this, 𝑅1//𝑅2 and 

its fluctuation with location 𝑥 are insignificant in comparison 
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to 𝑅𝐿 and𝑅𝑟. Following the application of circuit principles 

to the equivalent DC magnetic model in NSEA, ɸ̅ is stated as: 

𝜙̅ = 𝛼𝐼𝐹𝜙𝑃𝑀                 (8) 

The leakage factor 𝛼𝐼𝐹  from the above equation (8) is 

further illustrated as: 

𝛼𝐼𝐹 =
2(𝑅𝑃𝑀//𝑅𝐿)

2(𝑅𝑃𝑀//𝑅𝐿):4𝑅𝑟:2(𝑅1//𝑅2) 
       (9) 

2.2.2. AC Flux Analysis 

The AC flux densities 𝐵𝐴1  and 𝐵𝐴2  are produced by the 

total excitation coil windings NI. It is assumed that there is 

only one closed circuit linked to AC flux and the two per-

manent magnets have been taken out when the AC flux gen-

eration is being examined. Given that the two armature polar 

surfaces have equal effective areas, regardless of the armature 

motion x, the resultant AC flux travelling through each of the 

surfaces may be similar [18]. Under the assumption that the 

soft magnetic material used in fabricating armatures and sta-

tors has infinite permeability and 𝜇0  denotes the vacuum 

permeability, the total AC flux can be expressed as follows: 

𝐵𝐴1 = 𝐵𝐴2 = 𝐵𝐴 =
𝜇0𝑁𝐼

2𝑔0
            (10) 

This demonstrates categorically that AC flux density is 

independent of the armature displacement, and the linear 

relationship between the AC flux density and the excitation 

current exists. The induced actuation force imposed on the 

polar surface of the armature resulting from the different flux 

densities inside the left and right air gaps is obtained using 

Maxwell’s stress tensor theory. The actuation force on one 

armature can be expressed by: 

{
 

 𝐹1 =
𝑆𝑆𝑇

2𝜇0
[(𝐵𝐴 + 𝐵𝐷1)

2],

𝐹2 =
𝑆𝑆𝑇

2𝜇0
[(𝐵𝐴 − 𝐵𝐷2)

2],

𝐹 = 𝐹1 − 𝐹2

           (11) 

𝐹 = ,
𝑆𝑆𝑇

2𝜇0
[(𝐵𝐴 + 𝐵𝐷1)

2 − (𝐵𝐴 − 𝐵𝐷2)
2]-  

𝐹 =
𝑆𝑆𝑇
𝜇0

.
𝜇0𝐵𝐷
𝑔0

𝑁𝐼 +
2𝐵𝐷

2

𝑔0
𝑥/ 

𝐹 = 𝐾𝐼𝐼 + 𝐾𝑥𝑥                 (12) 

Considering this calculation, it foretells that the induced 

actuating force is a linear function of both the armature dis-

placement 𝑥  and the excitation current; and the constant 

coefficients of both. 𝐾𝐼  and 𝐾𝑥 are influenced by the mate-

rial and armature dimensional characteristics. The part 𝐾𝑥𝑥 

represents an additional flux force generated when the arma-

ture departs from the centered position while the 𝐾𝐼𝐼  part 

denotes the anticipated actuation force produced by excitation 

coil windings. Since there are two armatures in this NSEA 

structure, the total directional actuation force is twice that 

generated by one armature. 

2.3. Design Layout and Working Principle of 

BTDC Mechanism 

The BTDC mechanism, with single ramp shown in Figure 5 

is composed of a fixed body located at the bottom, four input 

bodies, eight flexure hinges and two output bodies located at 

the center and top of the bridge in the y-axis direction. This 

BTDC mechanism is an improved version of the classical 

bridge mechanism. 

 
Figure 5. Bridge type distributed compliant mechanism. 

The actuation force produced by the NSEA triggers the 

movement of the armatures acting as input bodies along the 

x-axis direction and due to the position of the flexure hinges 

whilst linked to the input bodies will cause the motion of the 

two output bodies in the y-axis direction. Due to the full 

flexure of this bridge-type mechanism, the overall displace-

ment is primarily attributable to the bending deformations of 

the entire hinge and along the transverse direction exists the 

actuating force that creates an angle with the flexure hinge [9]. 

The schematic diagram of a single flexure hinge of the bridge 

is shown in Figure 6(a). 

 
Figure 6. (a) Mechanics of a flexure hinge; (b) Free body diagram of 

a flexure hinge. 
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2.3.1. Force Analysis of BTDC Mechanism 

Due to symmetry, only one of the hinges is mathematically 

analyzed, and the input and output ends are considered rigid 

parts after considering their high stiffness [22]. Figure 5 

clearly shows the length and thickness of the flexure hinge 𝐿 

and 𝑡, respectively, and also the angle between the horizontal 

line and the flexure hinge baseline 𝜃 as the structural pa-

rameters of the BTDC mechanism. As in previous literature 

[23, 24], the internal moments caused by the two hinges are 

assumed to be identical. To guarantee that the angles of de-

flection at the two points of connection PQ remain zero, a 

supplementary moment 𝑀𝜃 is applied. The following rela-

tionships can be established by taking into account the mo-

ment equilibrium and the force equilibrium along the x-axis: 

𝐹𝑃 = 𝐹𝑄 = 𝐹 =
𝐹𝑖𝑛

2
                  (13) 

𝑀𝜃 =
𝐹𝐿𝑠𝑖𝑛𝜃

2
= 𝐾𝜃∆𝜃          (14) 

A single flexure hinge is considered to possess two types of 

stiffness including rotational stiffness  𝐾𝜃  and translational 

stiffness  𝐾𝑙 . Parameters ∆𝜃 and ∆𝑙  represent the angle of 

rotation and axial tensile displacement, respectively. Based on 

Hooke’s Law and in view of the force status in Figure 6(a), the 

following relationship is obtained: 

𝐹𝐿 =  𝐹𝑐𝑜𝑠𝜃 = 𝐾𝑙∆𝑙            (15) 

In accordance with the energy conservation principle, the 

work performed by the force from the NSEA is converted into 

tensile deformation energy and bending potential energy. 

Variables including a moment in the elastic beam𝑀(𝑧) , 

Young’s modulus𝐸 , area  𝐴 , input displacement  ∆𝑥 , axial 

tension  𝐹𝐿(𝑧)  and moment of inertia of the corresponding 

axial cross-section 𝐼 are taken into consideration to derive the 

resulting equation as follows: 

1

2
𝐹∆𝑥 =

𝐹2𝑐𝑜𝑠2𝜃 

2𝐸𝐴
∫ 𝑑𝑧
𝐿

0
+

1

2𝐸𝐼
∫ 𝑀2(𝑧)
𝐿

0
𝑑𝑧    (16) 

With reference to Figure 6(b) the moment in the elastic 

beam at the inner part of the flexure hinge at point 𝑧 can be 

modeled on how it evolves along the neutral axis as follows: 

𝑀(𝑧) = 𝑀𝜃 − 𝐹𝑧𝑠𝑖𝑛𝜃 = 𝐹𝑠𝑖𝑛𝜃(
𝐿

2
− 𝑧)    (17) 

The strain energy produced by bending deformation in the 

mechanism can be obtained as: 

1

2𝐸𝐼
∫ 𝑀2(𝑧)
𝐿

0
𝑑𝑧 =

1

2𝐸𝐼
∫ (

𝐹𝐿𝑠𝑖𝑛𝜃

2
− 𝐹𝑧𝑠𝑖𝑛𝜃)

2

𝑑𝑧
𝐿

0
  

=
𝐿2𝐹2𝑠𝑖𝑛2𝜃

24𝐾𝜃
                   (18) 

The output displacement of the BTDC mechanism in the 

y-axis direction is derived in simple terms as: 

∆𝑦 = 𝐿𝑐𝑜𝑠𝜃∆𝜃                 (19) 

The correlation between the input displacement and the 

input force of the structure is established by substituting 

equation (18) into equation (16). The output displacement is 

further determined by substituting equation (14) into equation 

(19). The two resultant equations of input displacement and 

output displacement are respectively expressed as: 

[
∆𝑥
∆𝑦

] = 𝐹𝑖𝑛 ∗ [
(
𝐿2𝑠𝑖𝑛2𝜃

12𝐾𝜃
+

𝑐𝑜𝑠2𝜃

𝐾𝑙
) 

(
𝐿2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃

4𝐾𝜃
)

]       (20) 

The relationship between the input and output displacement 

is further modeled into an amplification ratio as follows: 

𝑅𝑎𝑚𝑝 =
∆𝑦

∆𝑥
=

3𝑐𝑜𝑡𝜃

𝑃𝑐𝑜𝑡2𝜃:1
 , 𝑃 =

12𝐾𝜃

𝐾𝑙𝐿
2         (21) 

From equation (21), the amplification ratio is dependent on 

angle𝜃, length of flexure hinge, and translational and rota-

tional stiffness of the mechanism. Given the input displace-

ment and input force, the input stiffness is determined by the 

following: 

𝐾𝑖𝑛 =
𝐹𝑖𝑛

∆𝑥
=

𝐹𝑖𝑛

(
𝐿2𝑠𝑖𝑛2𝜃

12𝐾𝜃
:
𝑐𝑜𝑠2𝜃

𝐾𝑙
)∗𝐹𝑖𝑛

              (22) 

2.3.2. Stroke Length Analysis 

Since this mechanism incorporates the right-angled hinge 

to enhance the input displacement, the hinge is considered to 

be a 6 degree of freedom spring element. A series of flexure 

beams and flexure hinges that join the linked nodes p and q 

make up the bridge structure. According to [25, 26], the 

compliance matrix 𝐶𝑝𝑞  derived from beam theory, force 

𝐹𝑝𝑞 and displacement 𝑢𝑝𝑞 of either of the flexure element can 

be expressed as: 

𝑢𝑝𝑞 = 𝐶𝑝𝑞𝐹𝑝𝑞 ∶  𝐾𝑝𝑞 =

𝐶𝑝𝑞
;1, 𝑤𝑕𝑒𝑟𝑒 {

𝐹𝑝𝑞 = [𝐹𝑥
𝑝 𝐹𝑦

𝑝 𝑀𝑧
𝑝 𝐹𝑥

𝑞 𝐹𝑦
𝑞 𝑀𝑧

𝑞]
𝑇

𝑢𝑝𝑞 = [𝑢𝑥
𝑝 𝑢𝑦

𝑝 𝜃𝑧
𝑝 𝑢𝑥

𝑞 𝑢𝑦
𝑞 𝜃𝑧

𝑞]𝑇
  (23) 

From equation (23) it can be deduced that stiffness matrix 

𝐾𝑝𝑞 and the compliance matrix are both symmetrical, regular, 

and inverse matrices of each other. Considering that 𝐴 = 𝑏 ×

𝑡 as the cross-section area, the stiffness matrices of both the 

flexure hinge and flexure beam in the local coordinate can 

individually be expressed as: 
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𝐾𝑝𝑞 =

[
 
 
 
 
 
 
 
 
 

𝐸𝐴

𝐿
0 0 −

𝐸𝐴

𝐿
0 0

0
12𝐸𝐼

𝐿3

6𝐸𝐼

𝐿2
0 −

12𝐸𝐼

𝐿3

6𝐸𝐼

𝐿2

0
6𝐸𝐼

𝐿3

4𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿2

2𝐸𝐼

𝐿

−
𝐸𝐴

𝐿
0 0

𝐸𝐴

𝐿
0 0

0 −
12𝐸𝐼

𝐿3
−

6𝐸𝐼

𝐿2
0

12𝐸𝐼

𝐿3
−

6𝐸𝐼

𝐿2

0
6𝐸𝐼

𝐿2

2𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿2

4𝐸𝐼

𝐿 ]
 
 
 
 
 
 
 
 
 

 (24) 

Only the planar stiffness needs to be considered for a 

bridge-type mechanism [27]. So 𝐾𝑙  and 𝐾𝜃  is derived from 

the matrix in equation (24) as follows: 

𝐾𝑙 =
𝐸𝑏𝑡

𝐿
, 𝐾𝜃 =

𝐸𝑏𝑡3

12𝐿
            (25) 

Stiffness matrix of the flexure element should be trans-

formed into the global coordinate matrix by including a rota-

tional transformation matrix. The counter-clockwise rotation 

angle 𝜃 of the local coordinate of the element with respect to 

the global coordinate is utilized to establish the rotational 

transformation matrix as follows: 

𝑅𝑝𝑞 =

[
 
 
 
 
 
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0 0 0 0
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0 0 0 0
0 0 1 0 0 0
0 0 0 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0
0 0 0 −𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 0 0 0 1]

 
 
 
 
 

 (26) 

Then the elemental stiffness matrix in the global coordinate 

is given as: 

𝐾𝑇
𝑝𝑞

= 𝑅𝑝𝑞
𝑇𝐾𝑝𝑞𝑅𝑝𝑞           (27) 

An integral stiffness matrix 𝐾𝑡𝑜𝑡  is developed for the whole 

BTDC mechanism in accordance with the connection rela-

tions depicted in Figure 7, then the motion equation is stated 

based on the generalized Hooke’s law as follows: 

𝐹 = 𝐾𝑡𝑜𝑡𝑢 ∶  

{
 
 

 
 𝐹 =  [𝐹1… 𝐹𝑝… 𝐹𝑛]𝑇

𝐹𝑝 = [𝐹𝑥
𝑝 𝐹𝑦

𝑝 𝑀𝑧
𝑝]𝑇

𝑢 = [𝑢1…𝑢𝑝… 𝑢𝑛]𝑇

𝑢𝑝 = [𝑢𝑥
𝑝 𝑢𝑦

𝑝 𝜃𝑧
𝑝]𝑇

      (28) 

The overall amount of assigned nodal points for the given 

bridge structure is 7, and 𝑝 equates to the integral of 1 up to 𝑛. 

The second nodal point is designated as the fixed location by 

considering the boundary limitations. Every column and row 

pertinent to the fixed nodal point is eliminated in order to 

eradicate singularity. As a result, a displacement vector 𝑢̅, 

force vector 𝐹̅ and stiffness matrix 𝐾𝑡𝑜𝑡̅̅ ̅̅ ̅̅  are acquired, and the 

displacement of each unfixed nodal point is determined using 

the equation as follows: 

𝑢̅ = 𝐹̅
𝐾𝑡𝑜𝑡̅̅ ̅̅ ̅⁄

                (29) 

There are two output nodal points, 4 and 7, and the total 

accumulative induced actuation force. 𝐹𝑦  along the y-axis 

will act on the outward output nodal point 7, and the variable 

𝑢𝑦
𝑜𝑢𝑡 and 𝑢𝑦

7 is the displacement of the output nodal point 

along the y−axis. The stiffness of the BTDC mechanism along 

the y−axis whilst negating the elastic deformation of the 

flexure beam attached to the output nodal point is then de-

termined as: 

𝐾𝑡𝑜𝑡 =
𝐹𝑦

𝑢𝑦
𝑜𝑢𝑡 =

2𝐹

𝑢𝑦
7           (30) 

 
Figure 7. Nodal point connecting relationship of the BTDC mecha-

nism. 

To realize the full potential of the BTDC mechanism 

working stroke in the y-axis direction, the actuation force is 

analyzed further without merely restricting the force calcula-

tion to when the armature is centered, but the part of the ac-

tuation force that accounts for the displacement of the arma-

ture in equation (12) is evaluated in detail. As the 𝐾𝑥  in-

creases in size, the calculation based on the armature being 

centered becomes incorrect due to the fact that 𝐹𝑥  which 

contributes the armature movement in the x-axis becomes 

significantly. Although considering armature being centered 

simplifies analytical calculation, it introduces inaccuracy. 

Following the consideration of displacement as 𝑥 = 𝑢𝑥
𝑖𝑛 =

𝑢𝑥
1 = 𝑢𝑥

3 = 𝑢𝑥
5 = 𝑢𝑥

6, the overall force exerted on the bridge 

mechanism is determined as: 

𝐹𝑎 = 4𝐹𝑖𝑛 = 4(𝐾𝐼𝐼 + 𝐾𝑥𝑢𝑥
1),  

𝑤𝑕𝑒𝑟𝑒  𝐹𝑖𝑛 = 𝐾𝑡𝑜𝑡𝑢𝑥
1               (31) 

Assuming that input displacement 𝑥 is at the maximum 

position, the relation between the excitation current and dis-

placement is further derived as: 

𝐾𝑡𝑜𝑡𝑥 = 𝐾𝐼𝐼 + 𝐾𝑥𝑥  
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𝑥 =
𝐾𝐼𝐼

𝐾𝑡𝑜𝑡;𝐾𝑥
              (32) 

The stroke length at the nodal point 4 in y-axis direction is 

then expressed as: 

∆𝑦𝑠4 = 2(
𝐹𝑎

𝐾𝑡𝑜𝑡
𝑅𝑎𝑚𝑝𝑋𝑚𝑎𝑥)  

∆𝑦𝑠4 = 2.
𝐹𝑎

𝐾𝑡𝑜𝑡
∗ 𝑅𝑎𝑚𝑝 ∗ (

𝐾𝐼𝐼

𝐾𝑡𝑜𝑡;𝐾𝑥
)/     (33) 

In accordance with the BTDC mechanism working princi-

ple, the stroke length at nodal point 7, ∆𝑦𝑠7 is twice as long as 

that at nodal point 4. The fact that 𝐾𝐼 , 𝐾𝑥 and 𝐾𝑡𝑜𝑡are con-

stants illustrate that both the actuation force and output dis-

placement are directly related to the excitation current 𝐼. 

2.3.3. Dynamic Analysis of the BTDC Mechanism 

Lagrange’s equation is utilized to establish the dynamic 

analysis of the BTDC mechanism [28, 29]. The potential 

energy, in this case, is ignored since the potential energy for 

mechanical systems is not a function of velocity or time, while 

the kinetic energy of the mechanism is derived as follows: 

𝑇 =
1

2
𝑚𝑜(𝑢̇𝑦

4)2 +
1

2
𝑚𝑜(𝑢̇𝑦

7)2 + 4 ×
1

2
𝑚𝑖(𝑢̇𝑥)

2 + 8 ×

*
1

2
𝑚𝑓(𝑢̇𝑥)

2 +
1

2
×

1

12
𝑚𝑓(𝑢̇𝑥)

2+    (34) 

By taking into consideration half of the stroke length in 

equation (33) and substituting it in equation (34), the fol-

lowing relationship is obtained: 

𝜕𝑇

𝜕𝑥
=

𝐹𝑎
2𝑅𝑎𝑚𝑝

2

𝐾𝑡𝑜𝑡
2 𝑚𝑜𝑥̇ +

2𝐹𝑎
2𝑅𝑎𝑚𝑝

2

𝐾𝑡𝑜𝑡
2 𝑚𝑜𝑥̇ + 4𝑚𝑖𝑥̇ + 8𝑚𝑓𝑥̇ +

2

3
𝑚𝑓𝑥̇                   (35) 

Given that the mass  𝑚𝑜 , 𝑚𝑖 and 𝑚𝑓  represent output 

beams mass, input beams mass, and flexure hinges mass, 

respectively, and by letting 
𝐹𝑎

2𝑅𝑎𝑚𝑝
2

𝐾𝑡𝑜𝑡
2 = 𝐺 and substituting it 

in the equation (35), the following is deduced: 

𝑑

𝑑𝑡

𝜕𝑇

𝜕𝑢
= 3𝐺𝑚𝑜𝑥̈ + 4𝑚𝑖𝑥̈ +

26

3
𝑚𝑓𝑥̈        (36) 

Substitution of Equation (36) is done into the following 

Lagrange equation, and the free vibration dynamic equation is 

established as follows: 

𝐹𝑥 =
𝑑

𝑑𝑡

𝜕𝑇

𝜕𝑥
−

𝜕𝑇

𝜕𝑥
+

𝜕𝑉

𝜕𝑥
              (37) 

𝐹𝑥 = (3𝐺𝑚𝑜 + 4𝑚𝑖 +
26

3
𝑚𝑓)𝑥̈          (38) 

The natural frequency of the BTDC mechanism is then 

determined as follows: 

𝑓 =
1

2𝜋
× √

𝐾𝑡𝑜𝑡

(3𝐺𝑚𝑜:4𝑚𝑖:
26

3
𝑚𝑓)

           (39) 

2.4. Factors Affecting Stroke and Natural 

Frequency 

Referring to Figure 8’s depiction of factors influencing 

stroke and natural frequency, some parameters positively 

affect natural frequency while negatively affecting the out-

come of a stroke, or contrariwise. 
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Figure 8. (a) Length relationship between stroke and natural fre-

quency; (b) Thickness relationship between stroke and natural fre-

quency; (c) Width relationship between stroke and natural frequency; 

(d) Optimal angles. 

Significant working stroke and an elevated natural fre-

quency are vital for mechanism design, but a compromise 

between these two parameters is required for an optimum 

stage design. 

2.5. Design Layout and Working Principle of 

Guiding Mechanism 

A few issues must be addressed to maximize stroke when 

simultaneously analyzing the BTDC mechanism and the 

NSEA structure. As a result of a very high PM magnetic 

strength, the BTDC mechanism is susceptible to sticking on 

stator surfaces, limiting the bridge’s desirable mobility. The 

bridge is vulnerable to tilting since the BTDC mechanism is 

solely fastened at one end. A guiding mechanism is used to 

address these emerging issues. Composed of series-connected 

flexure beams, the guiding mechanism helps to stabilize the 

bridge by adopting Hooke’s law. 

 
Figure 9. Guiding mechanism. 

The guiding mechanism depicted in Figure 9 is designed to 

reduce mobility in the x and z axes directions while facilitat-

ing optimal motion along the y-axis path, constituting the 

stage’s total stroke. The guiding mechanism analytical com-

putations are performed by considering its structure and in-

cluding Hooke’s law as follows: 

𝐹𝑔𝑚 = 𝐾𝑔𝑚 ∗ 𝑑                    (40) 

The pulling force needed to revert to the point of equilib-

rium is represented by 𝐹𝑔𝑚, the guiding mechanism’s motion 

along the y-axis is shown by 𝑑, and the guiding mechanism 

stiffness is represented by  𝐾𝑔𝑚 . The guiding mechanism 

stiffness must not be so elevated to diminish the stage’s final 

motion significantly. 

3. Optimal Design of the Nanopositioning 

Stage 

Failure to obtain an appropriate optimization framework 

limits the commonly utilized usage of nanopositioning stages 

and results in insufficient functioning of the planned structural 

design layout. As a result, subject to the effect of numerous 

constraints, this part develops a coherent optimization 

framework to improve both mechanical and electromagnetic 

variables concurrently. Additionally, finite element analysis 

(FEA) is carried out to confirm the outcomes. 

3.1. Optimization of Electromagnetic 

Parameters 

Permanent magnets (Nd2Fe14B) of sizing 10 x 10 x 10mm
3
 

are utilized featuring Br=1.18T remanence to generate DC 

bias flux, and a soft material made from DT4 containing a 

saturation flux density of 𝐵𝑠=1.5T is chosen to manufacture 

stators and armatures. By considering the desired stroke for 

motion and defining 𝐼𝑚𝑎𝑥 as the largest current that the coil 

wire is permitted to have, and 𝑆𝐴𝐹  as the safety factor, the 

saturation constraint can be written as: 

𝑁𝐼𝑚𝑎𝑥 ≤
𝑔0

𝜇0
∗ *

𝐵𝑆

𝑆𝐴𝐹
−

(𝑔0:|𝑥𝑚𝑎𝑥|)𝛼𝐼𝐹𝐵𝑟𝑆𝑃𝑀

2𝑔0𝑆𝑆𝑇
+    (41) 

The pole surface area of the stator is set as 10 x10 mm
2
. 

Considering the manufacturing tolerances and the desired 

stroke, the working air gap is set as g0 = 1mm. From the ob-

tained equation of 𝑁𝐼𝑚𝑎𝑥 , the number of turns of coil winding 

are selected to be 𝑁 ≤ 105 and a wire with a 3.5A current 

maxima is adopted. From equation (12), the actuation force is 

calculated as 𝐹 = 5.92𝑁. 

3.2. Optimization of the BTDC Mechanism 

The four corners of the BTDC mechanism are made from 

DT4, whilst the rest of the structure is forged from aluminum 

alloy 7075, which has a density of 2770  𝑔 𝑚3⁄ , Poisson’s 

ratio of 0.3, and Young’s modulus of 71000 MPa. The effec-

tiveness of the nanopositioning stage is primarily determined 

by the structural properties of the compliant mechanism, 
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which is why they require meticulous alteration. Since the 

armatures’ elastic deformation is much smaller than that of 

the rest of the structure, only the structural variables linked to 

the BTDC need to be adjusted, which simplifies the analytical 

computation. The subsequent optimization framework is 

developed to optimize the indicator, which is the natural 

frequency and stroke. 

Two objective functions are simultaneously analyzed to 

attain the intended significant amplification ratio, enhance the 

natural frequency and maximum stroke that can achieve the 

desired motion. As a result of the dual directional movement 

capability of the NSEA within the x-axis generated by the DC 

flux from the PM, the stroke is twice the movement dis-

placement below the highest actuation force. While modeling 

the stroke, the negative stiffness of the NSEA must be taken 

into account. Consequently, the stroke of the stage is as fol-

lows: 

𝑆 =
𝑅𝐴𝑀𝑃∗𝑛∗𝐹

𝐾𝑒
|
𝑚𝑎𝑥

 ≥ 𝑆0,             (42) 

Under the maximum current, the maximal actuation force is 

identified as 𝐹 = 5.92𝑁 from equation (12), 𝑛 is the num-

ber of mechanism sets, and 𝑆0  is the designed stroke. To 

avoid external disturbance and resonant vibration, the first 

natural frequency must be retained to attain a high bandwidth 

[30]. Natural frequency depends on the mass and stiffness of a 

mechanism; and, to achieve a higher amplification ratio that 

leads to the required stroke the natural frequency of the 

structure must not exceed the target natural frequency: 

𝑓𝑚𝑎𝑥 =
1

2𝜋√
𝐾𝑡𝑜𝑡

(3𝐺𝑚𝑜:4𝑚𝑖:
26

3
𝑚𝑓)

 ≤ 𝑓0    (43) 

The target natural frequency of the mechanism is repre-

sented by 𝑓0. By considering factors that influence stroke and 

natural frequency, the stroke of the mechanism is given first 

priority as the first objective, followed by natural frequency. 

The multiobjective function for the optimization framework 

should then be as follows: 

𝑓𝑜1 = 𝑤1 ∗ |
𝑆;𝑆0

𝑆0
|,  

𝑓𝑜2 = 𝑤2 ∗ |
𝑓𝑚𝑎𝑥;𝑓0

𝑓0
| , s.t constraints    (44) 

Respectively, 𝑓𝑜1 and 𝑓𝑜2 are the two objective functions 

mentioned above, 𝑓  is the in-plane natural frequency and 

[𝑤1, 𝑤2] is the weight vector. The considered variables in the 

optimization process are shown in Table 1. The length of FH 

affects the stiffness and amplification ratio, contributing to the 

effective stroke. The thickness of the FH totally contributes to 

the stiffness in the driven direction. If the thickness of FH is 

above 2 mm, this drastically reduces the effective stroke of the 

mechanism; however, if the thickness is below 0.5 mm, it will 

be difficult to fabricate. The range of the design parameters is 

validated after considering the mechanism’s overall size and 

manufacturing capacity. 

3.3. Design Constraints 

3.3.1. Stiffness Constraint 

Stiffness is vital in determining the starting frequency of the 

mechanism, and their inverse relationship, when it comes to 

achieving a larger displacement, is mitigated by negative 

stiffness [31]. The negative stiffness efficacy enhances the 

mechanical efficiency of bridge-type mechanisms, leading to 

the mechanism’s effectiveness [32]. Length, in-plane thick-

ness, and out-of-plane thickness of the mechanism are all 

factors that affect negative stiffness [33]. Although stiffness 

directly affects the range of motion and yield stress, preload 

displacement does not affect stiffness. As a result, the bal-

ancing factor may be adjusted to offer various motion ranges, 

and the resulting equations are employed during the fabrica-

tion and testing of the mechanism. The stiffness of a mecha-

nism is vital and an optimal value should be used since a 

lower value causes harmful effects from external disturbances 

while a substantial value reduces the ability to attain a higher 

amplification ratio. The negative stiffness of the armature 

should be considered to verify the effectiveness of the struc-

ture. To get a good balance the equivalent stiffness should be 

lower than the upper bound of the target stiffness: 

 𝐾𝑛 = (
𝜇0𝑔0

2𝑆𝑆𝑇𝐵𝐷
2)

;1

, 𝐾𝑒 = 𝐾𝑖𝑛 − 𝐾𝑛 ≤ 𝐾𝑜     (45) 

𝐾𝑜  and 𝐾𝑖𝑛 are the target stiffness and compliant mecha-

nism stiffness. 𝐾𝑒  is the equivalent stiffness of the mechanism 

by taking into account the negative stiffness 𝐾𝑛 characteristic 

of the NSEA. 

3.3.2. Saturation Flux Density Constraint 

Saturation magnetic flux density 𝐵𝑠 have a direct relation 

with force and power and the higher it is the higher the force 

and power generated. However, the driving current should not 

over-amplify the system hence 𝐵𝑠 should not exceed the tar-

get saturation magnetic flux density: 

𝑓(𝑥) = {
|𝐵𝐴 + 𝐵𝐷1|

|𝐵𝐴 − 𝐵𝐷2|
∶ 𝑓(𝑥) ≤ 𝐵𝑠𝑆𝐴𝐹     (46) 

It should be noted that electromagnetic phenomena such as 

hysteresis and magnetic saturation have complex modeling 

processes, therefore, the classical linear model Equations (3) 

and (12) are employed to reduce the model complexity [4]. 

3.3.3. Stress Constraint 

Stress evaluation prevents material from experiencing the 

maximum stress that would otherwise cause plastic failure [3]. 

The deformation of the FH should be elastic throughout the 
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actuation procedure; therefore, the thinnest part of the FH 

experiences maximal stress 𝜎𝑚𝑎𝑥  when input displacement 

reaches the maximum value. To provide a dependable linear 

motion resulting from the elastic deformation of FHs, the 

maximal stress created inside the model must always remain 

below the material’s maximum stress permitted. The maxi-

mum mechanical stress constraint is described as: 

𝜎𝑚𝑎𝑥 =
𝑆01.5𝐸𝑡

𝐿2
𝜎𝑠 ≤ |𝜎| =

𝜎𝑚

𝑆𝐴𝐹
       (47) 

The stress concentration factor is represented by  𝜎𝑠  and 

|𝜎| is the maximum allowable stress; 𝜎𝑚 is the yield stress of 

the FH’s material and 𝑆𝐴𝐹  is the safety factor. 

3.4. Optimization of the Guiding Mechanism 

The guiding mechanism must be tuned in order to provide 

the best possible end motion. The trial-and-error technique is 

used to optimize the thickness, length, and height of the dou-

ble flexure beams seen in Figure 10. 

 
Figure 10. Guiding mechanism left side view inner section. 

 
Figure 11. Guiding mechanism output section. 

During optimization of the GM, lateral stiffness is of great 

importance. The lateral stiffness 𝐾𝑧  of the guiding mecha-

nism in Figure 11 should not be greater than the stiffness 

along the x-axis represented by 𝐾𝑥; in addition, 𝐾𝑥 stiffness 

at the output node when there is no guiding mechanism should 

be less than the 𝐾𝑥 stiffness of the guiding mechanism. When 

these objectives are satisfied the guiding mechanism will not 

drastically affect the overall stroke. 

3.5. Optimization Results 

The ANSYS Maxwell 2D module is employed to produce a 

DC field plot that shows flux lines with respect to the neces-

sary structural variables, which is then adopted to calculate 

the leakage factor 𝛼𝐼𝐹 used for the NSEA. After assigning the 

materials, the PMs magnetic direction is changed to point in 

the desired direction. The PMs have remanence 𝐵𝑟= 1.18T 

and magnetic coercivity 𝐻𝑐  = -868000 A/m specified as their 

attributes. The material’s relative permeability is chosen to be 

nonlinear, and a B-H curve is used. DT4 is attributed to stators 

and armatures. The boundary is allocated to indicate the ex-

tension of the magnetic field. The solution configuration is 

then applied, examined, and the outcome displayed in Figure 

12 is observed under the fields in the B-vector. Equation (6) 

can be utilized to determine the flux from the PM entering the 

armature Φ and the total flux exiting the PM Φ𝑇 by noting 

the number of flux lines on the derived plot seen in Figure 12. 

 
Figure 12. Derived flux lines plot. 

Given the underlying premise that 𝑅𝑃𝑀 is regarded as in-

finity, and taking into account Equation (6), the result finding 

stated above clearly shows that the above approach approxi-

mates the ratio𝜙 𝜙𝑇⁄ . As a result, the ratio of 𝜙 𝜙𝑇⁄ from FEA 

may be used to determine the leakage factor for similar mod-

els. These computations show that the biasing flux 𝐵𝐷1 and 

𝐵𝐷2 are actually linear functions of 𝑥, while the previously 

indicated parameters Φ and 𝐵𝐷  are variables that do not de-

pend on x. 

 
Figure 13. Guiding mechanism’s left side view. 
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The guiding properties in Table 1, further illustrated in 

Figures 13 and 14, are utilized to design the guiding mecha-

nism. 

Table 1. Guiding mechanism properties. 

Quantity Details 

Design Utilizes five double flexure beams with fillet angles of R0.5mm 

Inner thickness (Left Side View) [0.6, 1.1] mm range; 3 inner beams are 1.0mm; exterior beam is 0.6mm. 

Outer distance (Left Side View) [0.6, 1.1] mm range; matching inner thickness directions. 

Bridge connecting block Dimensions: 9 x 2.5 x 4.79mm3 

Bottom cover connecting block Dimensions: 8 x 5 x 6mm3 

Top view structure 
1 double flexure beam (9 sections): central beam (6,5mm) + 4 small beams (0,75mm each) on each 

side, separated by 0.75mm. 

Total model height 44.6 mm 

 

 
Figure 14. Top view of Guiding mechanism. 

The optimization process includes the use of the genetic 

algorithm [34]. The ideal outcome is obtained using 

MATLAB’s Multiobjective Optimization via Genetic Algo-

rithm solver (gamultiobj). The compactness of the structure 

largely determined the final solutions; additionally, the vari-

ables and the solver’s Pareto optimal frontier contributed to 

the finalized solutions’ performance-based determination. The 

distribution pattern resulting from the Pareto points during 

selection shows how the system’s goals are traded off. The 

target of the chosen amplification ratio, natural frequency, and 

stroke is promptly achieved once the optimization effectively 

converges. The finite element analysis (FEA) simulation and 

manufacturing procedure then make use of the set of ap-

proximation values. 

Table 2. Multiobjective optimization solutions using GA solver. 

Quantity Symbol Constraint range Optimal result 

Length of FH 𝐿 (mm) [1, 30] 28.999mm 

Thickness of FH 𝑡 (mm) [0.5, 2.5] 0.601 mm 

Width of FH 𝑏 (mm) [0, 10] 3.492 mm 

The angle between FH and armature 𝜃 (°)  [1°, 15°] 3.1813°  

 

A genetic algorithm [34] is incorporated into the optimiza-

tion procedure. Multiobjective optimization using a genetic 

algorithm solver (gamultiobj) in MATLAB is used to derive 

the optimal results, as illustrated in Table 2. The compactness 

of the structure played a key factor in determining the final 

solutions; in addition, Pareto’s optimal frontier from the 

solver and the variables helped determine the final solutions 

depending on the performance. The tradeoff between the 

objectives of the structure is illustrated in the distributing 

trend of the Pareto points for selection. After the optimization 

efficiently converges, the goal of the designated amplification 

ratio, natural frequency, and stroke is quickly realized. The 
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approximation values are then utilized in the FEA simulation 

and fabrication. 

3.6. Finite Element Based Numerical 

Verification 

Finite element verification of the electromagnetic and 

mechanical properties is done to authenticate the analytically 

optimized structure using the ANSYS Maxwell and Work-

bench modulus, respectively. 

3.6.1. Electromagnetic Simulation 

The electromagnetic flux density distribution, which results 

in the EM circuit shown in Figure 15, accounts for the com-

bined influence of the PM and coil wire with a maximum 

current of 3.5A. The magnetic circuit’s 3D magnetic flux 

density is estimated using the length-based mesh generation 

process and the inclusion of DT4’s B-H curve. Primarily, the 

air gap flux distribution along the x-direction is examined 

because the flux density in that direction assists in the for-

mation of the actuation force. The estimated average flux 

density within the air gaps ranges from 0.211T to 0.471T, as 

shown in Table 3; the flux bias resulting from the PM is re-

sponsible for the density discrepancy. The maximum 

magnetic flux density is 1.484 T (< 𝐵𝑆= 1.5 T), which is 

below the saturation flux density point 1.5, suggesting that the 

required force is generated before reaching a point beyond 

which magnetic flux density inside the structure material 

cannot increase with an increase of MMF (NI). When the 

mathematical force is combined, the maximal actuation force 

calculated by FEA is approximately 𝐹𝑥= 5.45 N, which devi-

ates only 8.48% from the 5.92 N theoretical force. 

 
Figure 15. Flux distribution electromagnetic simulation result. 

Table 3. Deviation between Analytical and FEA Electromagnetic 

models 

 Analytical model FEA model Deviation 

𝐹𝑥  5.92 N 5.45 N 8.45 % 

𝐵𝑆  Saturation flux density 1.5 T 1.07 & 

 Maximum B of mechanism 1.484 T  

3.6.2. Mechanical Simulation 

FEA simulation is necessary to verify that the analytical 

model presented previously is accurate. In ANSYS Work-

bench, the finite model is imported from SOLIDWORKS, and 

the material assignment is done together with mesh generation. 

In Static structure, the bottom body of the bridge is fixed, 

followed by force assignment on all four armatures, thereby 

achieving the required mechanism displacement constraints. 

The deviation between the analytical and FEA model results 

of the mechanism is illustrated in Table 4. The FEA total 

deformation simulation is shown in Figure 16(a). The maxi-

mum stress is simulated by equally distributing the maximum 

driving force towards the actuators, and its value is obtained 

as 12.85 MPa, as shown in Figure 16(b). The physical struc-

ture is immune to fatigue failure since the obtained maximum 

stress is below the aluminum alloy’s 250 MPa yield strength. 

Table 4. Deviation between Analytical and FEA Mechanical models 

 RAMP KIN Frequency Stroke 

Analytical 29.68 1.10N/μm 355Hz 0.159mm 

FEM 29.93 1.15N/μm 360.75Hz 0.154mm 

Deviation 0.84 % 4.35 % 1.59 % 3.25 % 
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Figure 16. (a) Total deformation of BTDC; (b) Equivalent stress; (c) 

Mode 1 natural frequency. 

A modal study of the bridge is done to examine the dynamic 

behavior of the BTDC mechanism. Six modal shapes were 

analyzed, and Figure 16(c) shows the first mode that corre-

sponds with the desired motion and illustrates the lowest 

deformation at which deformation occurs. The six resonant 

frequencies are observed from 360.75 Hz to 780.82 Hz. This 

study will prioritize the first mode since it specifies the 

maximum loads in a mechanism and how the vibrating 

structure will relate to the surrounding systems. 

 
Figure 17. Guiding mechanism’s total deformation. 

Figure 17 illustrates the overall deformation that occurs 

when the guiding mechanism is used. Table 5 displays the 

effects of the guiding mechanism on the final stroke of the 

entire mechanism. Using a guiding mechanism increases stiff-

ness along the y-axis direction, which reduces the amplification 

ratio by approximately 2.37%. Due to the significant 99.5% 

reduction in displacement along the z-axis direction ∆𝑧, the 

bridge mechanism will fail to stick along the z-axis direction. 

Table 5. Effects of guiding mechanism (GM). 

 Stroke Ramp ∆𝒛  𝑲𝒙  𝑲𝒚  

No GM 0.15mm 29.93 0.237mm 273.7N/μm 0.00212N/μm 

GM 0.139mm 29.22 0.0013mm 443.7N/μm 0.00242N/μm 

Deviation % 9.7% 2.4% 99.5% 62.1 % 14.2 % 

 

This implies that when the guiding mechanism is used, the 

stiffness  𝐾𝑧  rises noticeably. The stroke and amplification 

ratio of the stage are only marginally affected by the guiding 

mechanism, which only raises the stiffness along the direction 

of the final stroke by 14.2%. 

4. Experimental Testing 

4.1. Experiment Setup 

The complete layout of the nanopositioning stage, meas-

uring roughly 124 × 58 × 50 mm3, is depicted in Figure 18. It 

consists primarily of the NSEA and the BTDC mechanism, 

which work jointly to generate the motion of the whole travel 

range. This graphic amply illustrates the prototype’s excep-

tional compactness. A MicroSense Corporation capacitive 

displacement sensor with a 20 KHz bandwidth and a board 

38470 with probe T22725, that provides a measurement range 

of ±250 µm, is used to quantify the precise displacement 

inside the y-axis. 

The prototype’s output end is extremely near to where the 

sensor probe is fixed. In order to obtain optimal readings, the 

reading of the sensor is calibrated to zero before conducting the 

experiment after turning on the Microsense board. The data 

acquisition board receives the signal from the Microsense board. 

This reading is shown on the power amplifier, which has a power 

line that supplies a voltage of roughly 24 V. The prototype’s coil 

windings are carefully linked to both the negative and positive 

ports of the insulated negative and positive wires from the power 

amplifier. A brown wire represents the positive wire, while the 

negative wire is represented by a blue wire. A straightforward 

linear servo amplifier (SMA5005-1, GLENTECH Company) 

with a gain of 0.8A/V is utilized to improve the control command 

in order to excite the excitation windings. The prototype will start 

moving when it receives a stimulation signal coming from the 
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power amplifier. When testing motion, a single Hertz frequency 

is employed because using higher frequencies may cause the 

output end to vibrate rapidly, disrupting the prototype. Further-

more, as stroke is the mechanism’s static feature, testing simply 

uses a tiny frequency. 

 
Figure 18. Overall experimental procedure flowchart. 

4.2. Results and Discussion 

The motion range is analyzed using a sinusoidal command 

with a low frequency of roughly one Hertz and a maximum 

allowable amplitude of precisely 4.375V/ 3.5A, as displayed 

in Figure 19. The overall displacement of the stage was about 

52μm, and a noticeable hysteresis loop was observed in Fig-

ure 20, peaking at about 18.7μm. The stage’s positive direc-

tion motion accounted for approximately 35.9% of the total 

motion span, resulting in nearly three times the negative di-

rection motion. 

 
Figure 19. Input signal using 3.5A / 4.375V 

 
Figure 20. Output motion at 3.5A (4.375V) 

The prototype’s output motion rises in proportion to the 

strength of the actuation signal applied to it. A sweep excita-

tion is used to obtain the frequency response characteristic. 

This is accomplished by using a harmonic command with a 

fixed amplitude of precisely 0.1875 V and a continually var-

ying frequency ranging from 0.01 Hz to 500 Hz at a target 

time of one second as shown in Figure 21. As demonstrated in 

Figure 22, the resultant frequency response function is created 

by performing Fourier transformation on both the input 

command and the subsequent output response. The resulting 

response function is considered to represent the practical 

frequency response function. 

 
Figure 21. Input sweep signal 

 
Figure 22. Sweep signal output. 

Its primary dynamics are seen as a third-order system that 

determines the estimated frequency response function. By 

identifying 𝑠 as a Laplace function and determining the am-

plitude, phase lag, and resonant frequency, a continuous time 

transfer function is expressed as follows: 

𝐺𝐷(𝑠) =
(8.688∗10−8)

𝑠3:260.8𝑠2:(4.39∗106)𝑠:(8.688∗10−8)
    (48) 

The comparison of the practical frequency response function 

in Figure 23 and the estimated frequency response function dis-

played in Figure 24 suggests a good agreement, implying that the 

estimated model 𝐺𝐷(𝑠) is reliable for the prototype’s control 

system design that follows. At remarkably low frequencies, the 

gain in the practical function plot commences at 13.97 dB and 

then starts to drop at about 10 Hz (13.56 dB). The gain displayed 

in the estimated function plot begins at about 0 dB and progres-

sively decreases, starting at 10 Hz (-0.38 dB). The estimated 

plot’s progressive decline in the 10 – 195 Hz range is approxi-

mately 11.8 dB, but the practical plot’s progressive decline is 
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approximately 4.27dB. As a result, the practical drop is 36.2% of 

the estimated drop. Thereafter, there is a sharp rise to the highest 

frequency of about 333 Hz in both figures. The only differences 

between these two plots of frequency response functions are in 

the amplitude, size, and phase angle. 

 
Figure 23. Practical frequency response 

 
Figure 24. Estimated from transfer function 

The practical frequency response function’s resonant peak, 

which is 333 Hz—6.177% higher than the analytical value of 

355 Hz—is the source of the natural frequency’s first mode. 

This results from the drop in stiffness caused by manufac-

turing error. 

4.3. Control System Design 

The block diagram of the employed control system is il-

lustrated in Figure 25. The prototype’s actuation axis is 

viewed as a single-input, single-output (SISO) system for 

feedback control purposes. Any system nonlinearities are 

effectively gathered together as perturbations that the feed-

back mechanism must balance out. In the continuous time 

domain, a proportional-integral-derivative (PID) controller is 

used in parallel form. By letting 𝐶𝑝 represent the proportional 

gain that handles the error signal, 𝐶𝑖 as the integral gain that 

controls the error from previous time to present time, 𝐶𝑑 as 

the derivative gain that controls the derivative of error and 𝑁 

as the filter coefficient, the following formula is expressed: 

𝐺𝑃(𝑠) = 𝐶𝑝 (1 +
𝐶𝑖

𝐶𝑝𝑠
+

𝐶𝑑𝑁𝑠

𝐶𝑝(𝑁:𝑠)
)        (49) 

 
Figure 25. Control system block diagram 

Using an empirical approach based on testing, all the ap-

propriate PID controller parameter settings are entered. These 

parameters fully modify the plant to get the desired result. 

During initialization, the integrator and filter’s initial condi-

tions are set to zero, and zero crossing detection gets acti-

vated. 

The closed-loop control system’s output is assessed and 

compared to the desired set point, while the PID controller 

serves as the primary system controller. Then, utilizing the 

error signal to modify the system’s control input, a feedback 

loop is established. On the other hand, errors could result from 

outside disruptions that affect the system’s output. This con-

trol system incorporates a feedforward compensator 𝐻𝑝
;1(𝑠) 

Improve system performance by anticipating and reducing the 

effect of external disturbances on output. The feedforward 

compensator will lessen the effect of these external disturb-

ances by using the system model and the detected disturbance 

to identify the necessary control input to adjust for the dis-

turbance before it affects the system’s output. This can reduce 

the error caused by outside variables and enhance the control 

system’s accuracy, stability, and responsiveness. 𝐻𝑃(𝑠)  is 

lowered to a constant gain to avoid inverting the high-order 

system, which must be corrected. In order to achieve high 

accuracy control, an enhanced gain external loop controller 

will be employed by reducing system resonances by the in-

corporation of a second-order damping controller, 𝐶𝑢(𝑠). It is 

suggested that the system is underdamped. With 𝜉 acting as 

the system’s damping ratio and the undamped natural fre-

quency 𝜔𝑛 =
𝜔𝑑

√1;𝜉2
, the damping controller 𝐶𝑢(𝑠) is adopted 

as follows: 
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𝐶𝑢(𝑠) =
𝜔𝑑

2

(𝑠;𝜉2𝑠)(𝑠2:
2𝜉𝜔𝑑𝑠

√1−𝜉2
:
𝜔𝑑

2

1−𝜉2
)
           (50) 

The appropriate damping behavior is attained once all ad-

justable parameters have been tuned. 

4.4. Tracking Control Performance 

 

 
Figure 26. (a) Tracking outcome of the system; (b) Tracking error. 

In order to examine the entire system’s control performance, 

Figure 26(a) displays the tracking result performance, and 

Figure 26(b) shows the tracking error over time. The highest 

tracking error, considering a motion range of 

ly 10 𝜇𝑚, is ±0.0533 𝜇𝑚, which means that it is 0.53% of 

the 10 𝜇𝑚 motion. 

5. Conclusion 

In conclusion, this research addressed the need for a 

long-range motion-compliant nanopositioning stage driven by 

an NSEA. The objective was to design, model, optimize, and 

experimentally evaluate a high-precision nanopositioning 

stage capable of accurate positioning over extended distances. 

Integrating the NSEA and BTDC mechanisms effectively 

achieved greater stroke and enabled long-range motion. The 

variables affecting natural frequency and stroke were also 

expressed, and design constraints were analyzed. The math-

ematical model results were validated using the FEA simula-

tion. A prototype nanopositioning stage was successfully 

developed through comprehensive analysis and optimization, 

exhibiting high precision and accuracy. Experimental tests 

were divided into open-loop and closed-loop tests. For the 

open loop test during motion testing, a 3.5A input signal was 

utilized to attain a 52um final motion. A sweep signal was 

used to determine the natural frequency, and the frequency 

response function reached its peak at 333 Hz, which is 6.197% 

lower than the analytical frequency of 355 Hz. During the 

closed-loop experimental test, the control system was con-

structed to produce a closed-loop system. Additionally, the 

system’s control performance was examined, and it was dis-

covered that the tracking error for a 10 um motion was only 

0.53%, indicating that the model is good. The experimental 

tests, including motion and natural frequency tests, validated 

the prototype’s performance, and the closed loop test demon-

strated its feasibility for practical engineering applications. 

Future research should explore further improvements in con-

trol systems to enhance precision and response times. Addi-

tionally, investigating alternative materials could enhance the 

performance and durability of nanopositioning stages.  

Abbreviations 

NSEA Normal Stressed Electromagnetic Actuator 

BTDC Bridge Type Distributed Compliant Mechanism 
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GM Guiding Mechanism 

FEA Finite Element Analysis 

SISO Single-Input Single-Output 

PID Proportional-Integral-Derivative  
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