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Featured Application: In this study, the main components of the flexible support system (FSS) 
are optimized for multi-objective parameters using the finite element method, to reduce the 
internal resistance of the FSS and improve the consistency of force output. The hardness of 
rolling diaphragm (RD) is determined by the pressure test of the FSS. The actual resistance of 
the support cylinder at each movement position is determined by the internal resistance test, and 
the consistency of the value of each support cylinder is determined by the force output 
consistency test. It provides a theoretical basis for the application of the FSS in the optical mirror 
processing stage. 

Abstract: During the processing of an optical mirror, the performance parameters of the bottom 
support system would affect the surface forming accuracy of the mirror. The traditional bottom 
support system has a large unadjustable support stiffness, which increases the difficulty of 
unloading the impact force generated by the grinding disc. In response to this scenario, a flexible 
support system (FSS) consisting of 36 support cylinders with beryllium bronze reeds (BBRs) and 
rolling diaphragms (RDs) as key components is designed. It is necessary to analyze the key 
components of the support cylinder to reduce its axial movement resistance, ensure a consistent 
force output of each support point. First, the internal resistance model of a flexible support cylinder 
is established, and the main factors of internal resistance are then analyzed. Thereafter, the multi-
objective structural parameters of the BBR and RD are simulated in ANSYS using the control 
variable method. The optimal structural parameters of BBR and RD are determined by simulation. 
Finally, experiments are performed on the RD ultimate pressure, internal resistance of the support 
cylinder, and consistency of the force output of the FSS. The experimental results show that the 
support cylinder with the optimized design has good force output consistency, which provides a 
theoretical basis for the application of FSS in optical mirror processing. 

Keywords: optical mirror processing; flexible support system; beryllium bronze reed; rolling 
diaphragm; resistance to movement; multi-objective parameters optimization 
 

1. Introduction 
With the development of information technology, modern optical mirrors are being 

enhanced rapidly toward large apertures and high precision [1,2]. The increase in the 
requirements with regard to optical mirror aperture and precision has increased the 
difficulty of processing, as well as the requirements for processing equipment [3,4]. At 
present, the processing of large optical mirrors depends mainly on robots and computer 
numerical control (CNC) machine tools. Manual grinding is rarely used [5,6]. 
Furthermore, the optical mirror support systems used in processing are mostly traditional 
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base supports, mechanical Whiffletree mechanism support systems, or hydraulic support 
systems [7]. Although these can meet the rigidity requirements of optical mirror 
processing, the rigidity cannot be adjusted. If the impact force of the polishing disc on the 
surface of an optical mirror being processed is excessive, it may damage the surface. This 
is particularly so for large, lightweight thin mirrors. The force may crush the mirror 
surface, and thereby, result in the consumption of a substantial amount of manpower and 
material resources [8–10]. Therefore, the performance parameters of the bottom support 
system are crucial for ensuring the surface forming accuracy of optical mirrors, in addition 
to the improvement of the motion accuracy of robot and machine tool [11,12]. 

In recent years, many scholars have conducted a substantial amount of research on 
the support methods used in optical mirror processing, installation and posture 
adjustments. In addition, a few scholars optimized the structural parameters of support 
systems. Zhou et al. developed an active optics system based on a passive and whiffletree-
supported mirror to compensate for the gravity-induced deformation and correct low-
order aberrations caused by thermal variations and gravity relief during observing 
periods [13]. To counteract the effect of gravity deformations on the mirror surface of a 
space telescope's main mirror during installation, Kihm et al. improved the support 
system by using a flexure device with mechanical spacers instead of the traditional bipod 
flexure device [14]. To realize an ultra-light design of large-caliber splicing mirrors, Liu et 
al. proposed a mirror support and drive integrated design method, combined with optical 
precision and surface accuracy of mirrors and position adjustment [15]. It was based on 
an analysis of the existing design schemes. Yang et al. proposed a design scheme using 
carbon fiber-reinforced plastic truss rods for passive thermal compensation to improve 
the thermal effect of telescopes [16]. In addition, the function of thermal expansion 
coefficient and truss rod length was determined according to the principle of equal axial 
distance after deformation. Bi et al. used a flexible mechanism with a cross spring pivot, 
in the fields of precision engineering and aerospace, and established its precise load 
rotation and center displacement model [17]. Wei et al. applied the truss support structure 
to a space camera. They optimized the truss structure size through the weighting method 
to ensure good dynamic and static performance by large-area, off-axis three-mirror 
anastigmat space cameras [18]. Many of these scholars also use flexible support system 
(FSS) in the field of optical mirror support. To improve the fabrication efficiency and 
testing accuracy of meter-scale, Hu et al. designed and manufactured a few hydraulic 
support units and tested these through a 4 m SiC mirror [19]. Therefore, the high accuracy 
of the designed support system was established. In order release the thermal stress of the 
optical primary mirror, Huo et al. proposed a novel kinematic flexure mount, composed 
of three identical chains and analyzed the stiffness characteristics of its structure [20]. Yan 
et al. proposed a multi-point flexible unit and a four-point length adjustable radial lens 
support structure to support and position a lens assembly with large aperture and high 
precision in an on-orbit assembly space telescope validation prototype [21]. Yu et al. 
designed a new type of three-leaf flexible structure based on the spring principle and 
optimized the size parameters of the flexible structure through the finite element analysis 
method [22]. Dai et al. used floating support for a 1.2 m thin mirror support and proposed 
a new floating support force distribution algorithm [23]. To achieve an accurate surface 
form and optical axis stability of a large aperture lens in a ground-based telescope system 
subject to various load cases, Zhang et al., proposed a novel lens support with a multi-
point flexible support structure and based on low-order modes and system accuracy to 
optimize its supporting structure [24]. Wang et al. designed a tangential flexible support 
structure and an axial flexible support structure to compensate for temperature and 
gravity load disturbances on a large-aperture optical mirror [25]. The above-mentioned 
scholars have carried out a substantial amount of research on the support systems of 
optical mirrors. They used the support systems for the installation, positioning, and 
detection of large-diameter or thin mirrors, by improving traditional mechanisms, 
designing new support systems, and optimizing mechanism parameters of the support 
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systems. However, few scholars use the support system in the optical mirror processing 
stage. This is particularly so with regard to the application of the FSS in the processing of 
large-scale optical mirrors, which is deficient in terms of relevant theoretical foundation. 
In engineering applications, a few scholars have successfully applied FSS to the processing 
of thin-walled parts, such as aircraft skins [26,27]. Therefore, it is necessary to further 
study the application of the FSS in the processing stage of large-aperture optical mirrors. 

An FSS with adjustable rigidity is designed to enable the adjustment of the rigidity 
of the bottom support system of a large-scale optical mirror during processing and to 
effectively unload the impact force generated by the grinding disc. In addition, the main 
components of the FSS are optimized for multi-objective parameters using the finite 
element method, in order to reduce the internal resistance of the FSS and improve the 
consistency of force output. In Chapter 2, the motion resistance modeling of FSS and 
support cylinder are carried out, and the target parameters to be optimized are 
determined. In Chapter 3, through the multi-objective optimization analysis, the optimal 
target parameters of beryllium bronze reed and rolling diaphragm are determined. In 
Chapter 4, the performance of the optimized support system is verified by experiments. 
In Chapter 5, the conclusion of this paper is drawn. 

2. Modeling of Motion Resistance 
2.1. Motion Resistance Modeling of FSS 

As shown in Figure 1, the FSS consists of 36 support cylinders and is divided into 
three sectors on average. The upper and lower chambers of the cylinders in each sector 
are connected through hydraulic lines, which ensures equal pressure in the upper and 
lower chambers in the same sector. The rigidity of the support cylinder can be adjusted 
by varying the pressure values of the upper and lower chambers, and the support height 
of the cylinder can be adjusted by varying the pressure difference between these 
chambers. Therefore, the posture of the optical mirror can be fine-adjusted by varying the 
support parameters of the cylinders in the three sectors. The internal resistance of the 
support cylinder would affect the force output consistency and support stiffness of the 
FSS. The main components that cause the internal resistance of the support cylinder are 
the beryllium bronze reed (BBR) and rolling diaphragm (RD). The structural parameters 
of the BBR and RD need to be optimized and analyzed to reduce the internal resistance of 
the FSS. 

Hydraulic stationConnect  oil pipe

Support cylinder

Coarse 
adjustment device

 
Figure 1. Flexible support system. 

The structure of the support cylinder is shown in Figure 2. There is no direct contact 
between the piston and cylinder, and the BBR is used for radial support to prevent 
frictional resistance between the piston and cylinder wall during movement. The small 
RDs of the upper and lower chambers isolate these chambers from air, and the large RDs 
separate these chambers. Therefore, two closed spaces are formed. When the support 
cylinder moves, the BBR and RD would deform elastically, and thereby cause the support 
cylinder to generate internal resistance. 
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Figure 2. Schematic diagram of support cylinder. 

Because the FSS is composed of three separate liquid supply sectors (which do not 
interfere with each other), the internal resistance of the FSS can be divided into three 
components: 

[ ]= T
toatl a b cF F F F  (1)

where Fa, Fb, and Fc are the internal resistances of Components 1, 2, and 3, respectively. 
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(2)

where 1—36 are the numbers representing the support cylinders; H1 and H2 are the 
internal resistances caused by the elastic deformation of the BBRs in the upper and lower 
chambers, respectively, of the support cylinder; and P1, P2, and P3 are the internal 
resistances caused by the elastic deformation of the upper chamber RD, lower chamber 
RD, and middle RD, respectively. 

2.2. Internal Resistance Modeling of Single Cylinder 
There is no friction resistance in the support cylinder. Its internal resistance is only 

related to the elastic deformation of the BBR and RD. As shown in Figure 2, the 
deformation directions of the BBR and RD on the upper and lower chambers are different 
when the support cylinder moves. 

( )
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 (3)

where d is the elastic beam thickness of the BBR, w is the elastic beam width of the BBR, L 
is the effective length of the elastic beam, h is the bending height, pr is the bending angle, 
ps is the bending position. Rp is the radius of the piston chamfer, K is the forming height 
of the RD, Dp1 and Dp2 are the installation diameters of the small and intermediate RDs, 
respectively; Wh1 and Wh2 are the thicknesses of the small and intermediate RDs, 



Appl. Sci. 2021, 11, 8071 5 of 17 
 

respectively; Wsw is the side wall thickness; and Hsd is the RD hardness. The structures of 
the BBR and RD are shown in Figures 3 and 4, respectively. 

d h
Pr

L

R
w

 
Figure 3. Structural parameters of beryllium bronze reed (BBR). 

K

Wsw

Rp Rp

Wh

Wh
DR

 
Figure 4. Structural parameters of rolling diaphragm (RD). 

The movement resistance of the BBR exhibits non-linear relationships with d, w, L, h, 
pr, and ps. w, L, and h are determined according to the design of the support cylinder, 
whereas d, pr, and ps need to be optimized according to the performance parameters of the 
support cylinder. 

The movement resistance of the RD exhibits non-linear relationships with Rp, K, Dp, 
Wh, Wsw, and Hsd. Rp, Dp, Wh, and Wsw are determined according to the design of the support 
cylinder, and Hsd need to be optimized according to the performance parameters of the 
support cylinder. 

( )1 2 22 M P hK S C R W= + + +  (4)

where C is the distance between the cylinder wall and piston. SM is the maximum half-
stroke: 

( )Max ,M A BS S S=  (5)

where SA and SB are the upward and downward strokes, respectively. 
During the operation of the support cylinder, the hydraulic oil in the upper chamber 

would exert a force on the small RD in the upper cavity and the middle RD, and that in 
the lower chamber would exert a force on the small RD in the lower chamber and the 
middle RD. The RD deformations in the upper and lower chambers of the support 
cylinder differ owing to the pressure difference between these. 

(1) The deformation of the small RD of the upper chamber is: 
2

11 1 1

1 1

2
2 4

u
su u

h h

C PC K CL P
EW EW

−Δ = +  (6)

where C1 is the distance between the cylinder wall and external piston, Pu is the upper 
chamber pressure, K1 is the height of the small RD, and E is the elastic modulus of the RD. 

(2) The deformation of the small RD of the lower chamber is:  
2

11 1 1

1 1

2
2 4

d
sd d

h h

C PC K CL P
EW EW

−Δ = +  (7)
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where Pd is the lower chamber pressure. 
(3) The deformation of the middle RD is: 

( ) ( )2
22 2 2

2 2

2
2 4

u d
b u d

h h

C P PC K CL P P
EW EW

−−Δ = − +  (8)

where C2 is the distance between the cylinder wall and internal piston. K2 is the height of 
the large RD. 

3. Multi-Objective Parameters Optimization Design of Support Cylinder 
The internal resistance of the support cylinder is directly related to the axial 

movement resistance of the BBR and RD. The parameters of the BBR and RD need to be 
optimized further to reduce the internal resistance of the support cylinder. 

3.1. Multi-Objective Parameters Optimization Design of BBR 
The beryllium bronze used in the experiment is QBe2. Its elastic modulus is 1.25 × 

1011 N/m2, Poisson's ratio is 0.3, and mass density is 8.25 × 103 Kg/m3. The model of the 
BBR is shown in Figure 5, and the main parameters are listed in Table 1. 

Table 1. Structural parameters of beryllium bronze reed. 

Name Parameter Name Parameter 

Elastic beam thickness Optimization 
objective 

Bending position Optimization 
objective 

Elastic beam width w = 7 mm Bending angle Optimization 
objective 

Effective length of elastic 
beam L = 27 mm Installed inner radius R = 14 mm 

Install outer radius R = 24 mm Bending height h = 4 mm 

According to the design parameters and performance of the flexible support cylinder, 
the requirements of BBR are as follows: 

(1) When a force of +1 N or −1 N is applied in the Y-direction of the BBR, its 
displacement in this direction is ≥0.5 mm or ≤−0.5 mm. 

(2) When the BBR moves +1 mm or −1 mm in the Y-direction, the applied force is ≤3 
N. 

(3) When a force of +10 N is applied in the X-direction or X, Z centerline direction of 
the BBR, its displacement is ≤0.5 mm. 

(4) When the BBR moves 0.5 mm in the X direction or X, Z centerline direction, the 
applied force is ≥50 N. 

According to the above four conditions, a model for multi-objective parameters of 
different elastic beam thicknesses, elastic beam bending positions, and elastic beam 
bending angles of the BBR is established. In ANSYS (ANSYS, Inc., ANSYS 17.0, 
Commonwealth, PA, USA), the four positioning holes fixed by screws on the BBR elastic 
beam are set as the non-deformable, and the ring with the inner ring installed on the 
external piston is also set as the non- deformable. In the process of applying force, the 
applied force is applied on the inner circular axis to simulate the stress and deformation 
of BBR when the support shaft actually moves. 



Appl. Sci. 2021, 11, 8071 7 of 17 
 

Y

X

Z

Y+1mm
Y+1N

Y−1mm
Y−1N

X+10N
X+0.5mm

X/Z+10N

X/Z+0.5mm O
utside

O
ut_m

id

M
iddle

In_m
id

Inside

 

(a)                                           (b) 

Figure 5. Simulation parameters of BBR (a) Driving direction of force and displacement. (b) Bending position. 

In Figure 5a, 1) Y + 1 N: Apply a force of 1 N in the Y-direction to calculate the 
displacement of the BBR. 2) Y − 1 N: Apply a force of −1 N in the Y-direction to calculate 
the displacement of the BBR. 3) Y + 1 mm: Apply a displacement of 1 mm in the Y-direction 
to calculate the force to be applied in this direction. 4) Y − 1 mm: Apply a displacement of 
−1 mm in the Y-direction to calculate the force to be applied in this direction. 5) X + 10 N: 
Apply a force of 10 N in the X-direction to calculate the displacement of the BBR. 6) X, Z 
+ 10 N: Apply a force of 10 N in the X, Z centerline direction to calculate the displacement 
of the BBR. 7) X + 0.5 mm: Apply a displacement of 0.5 mm in the X-direction to calculate 
the force to be applied in this direction. 8) X, Z + 0.5 mm: Apply a displacement of 0.5 mm 
in the X, Z centerline direction, and calculate the force to be applied in this direction. 

In Figure 6, Serial numbers 1–30: the thickness of the BBR is 0.1 mm. Serial numbers 
31–60: the thickness of the BBR is 0.15 mm. Serial numbers 31–60: the thickness of the BBR 
is 0.15 mm. Serial numbers 91–120: the thickness of the BBR is 0.25 mm. Serial numbers 
121–150: the thickness of the BBR is 0.3 mm.  

Y +1N and Y −1N
Y +1N
Y −1N

 

(a) 
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Y +1mm
Y −1mm

 
(b) 

X +10N and X, Z +10N

X +10N
X, Z +10N

 
(c) 

X +0.5mm and X, Z +0.5mm

X +0.5mm
X, Z +0.5mm
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Figure 6. The data analysis of BBR. (a) Y + 1 N and Y − 1 N. (b) Y + 1 mm and Y − 1 mm. (c) X + 10 N and X, Z + 10 N. (d) 
X + 0.5 mm and X, Z + 0.5 mm. 

The results of Figure 6a–d are analyzed. It could be determined that the BBRs with 
thicknesses of 0.1 mm, 0.15 mm, 0.25 mm, and 0.3 mm do not fully satisfy these four design 
requirements. The BBR with a thickness of 0.2 mm is analyzed further to determine the 
optimal bending angle and bending position. According to Figure 6, the displacements 
generated by applying +1 N and −1 N in the Y-direction are approximately equal. The 
forces required to generate displacements of +1 mm and −1 mm in the Y-direction are 
approximately equal. The displacements generated by applying +10 N in the Y-direction 
and X, Z centerline direction are approximately equal. The force required to generate a 
displacement of 0.5 mm in the X-direction and X, Z centerline direction are approximately 
equal. Therefore, only the following data are analyzed; the displacement caused by the 
application of 1 N force in the Y-direction, force required to generate a displacement of 1 
mm in the Y-direction, displacement caused by the application of 10 N in the X-direction, 
and force required to generate a displacement of 0.5 mm in the X-direction. 

In Figure 7, Bending position 1 indicates that the bending position is in the outermost 
position, Bending position 2 indicates that the bending position is in the outer middle 
position, Bending position 3 indicates that the bending position is in the middle position, 
Bending position 4 indicates that the bending position is in the middle position, and 
Bending position 5 indicates the bending position is in the innermost position. Apply a 
force of 1 N in the Y-direction of the BBR with a thickness of 0.2 mm to calculate the 
displacement. It can be observed from Figure 7 that the red and blue curved surfaces are 
the regions with the largest, and smallest deformations, respectively. In addition, the red 
and orange areas with large deformation are distributed mainly in the areas where the 
bending position is outside, middle, and inside. In this area, the maximum deformation 
of the BBR in the Y-direction is 0.6 mm–0.65 mm. 

3D surface Map: 0.2mm Y+1N

 
Figure 7. Displacement caused by the application of 1 N in the Y-direction. 

The analysis of Figures 7–10 reveals that if a BBR with a thickness of 0.2 mm is 
expected to display lower resistance to axial deformation and larger resistance to radial 
deformation, the bending displacement of BBR is in the middle position and the bending 
angle is 30°. The performance parameters of the BBR in this area are as follows: 1) Y + 1 N, 
the displacement of axial displacement is 0.636 mm; 2) Y + 1 mm, the required axial driving 
force is 1.566 N; 3) X + 10 N, the displacement of radial movement is 0.067 mm; and 4) X 
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+ 0.5 mm, the required radial driving force is 157 N. These fully satisfy the four conditions 
required for the design of support cylinders. 

3D Surface: 0.2mm Y+1mm

 
Figure 8. Driving force required to move 1 mm in the Y-direction. 

Apply a force of 10 N in the X-direction of the BBR with a thickness of 0.2 mm to 
calculate the displacement. It can be observed from Figure 9 that the red and blue curved 
surfaces are the regions with the largest, and smallest deformations, respectively. The red 
and orange areas with large deformation correspond to the inner middle and innermost 
bending positions of the BBR, and the angle is in the range 70°–75°. The blue area with the 
smallest deformation corresponds to the outer, outer middle, middle, inner middle, and 
innermost bending positions of the BBR; the angle is within the range 30°–50°; and the 
minimum displacement is approximately 0.05 mm. 

3D Surface Map: 0.2mm X+10N

 

 
Figure 9. Displacement caused by a force of 10 N applied in the X-direction. 
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3D Surface Map: 0.2mm X+0.5mm

 
Figure 10. Force required to produce a displacement of 0.5 mm in the X-direction. 

3.2. Multi-Objective Parameters Optimization Design of RD 
The RD is made of butadiene and acrylonitrile by emulsion polymerization. It has 

good oil resistance, wear resistance, and heat resistance, and is suitable for the working 
environment of FSSs. The hardness of the RD would vary with the content and 
composition. In general, the hardness of RDs varies from 30 to 90 Shore. The elastic 
modulus of an RD varies with its hardness, and the deformation resistance generated 
during the movement also varies. The hardness parameters of RDs need to be optimized 
to maximize the performance of FSSs. As shown in Figure 11, in the simulation process, 
the displacement of a large and a small RD is applied in the Y-direction, and the driving 
force used by RDs with different hardness values is analyzed. Main parameters of RD, 
as shown in Table 2. 

Displacement

Y

X

Z
 

Figure 11. Driving direction of RD displacement. 

Table 2. Main parameters of rolling diaphragm. 

Name Numerical Value Name Numerical Value 
Chamfer radius Rp = 1.6 mm RD thickness Wh = 0.635 mm 
Preform height K = 3.8 mm Side wall thickness Wsw = 0.43 mm 

Installation diameter 
Dp1 = 42 mm 
Dp2 = 78 mm RD hardness 

Optimization 
objective 

The displacement of the support cylinder in the positive and negative Y-directions is 
1 mm. Therefore, in the simulation process, a displacement of −1 mm–1 mm with a 
gradient of 0.1 mm is applied in the Y-direction of the large and small RDs with different 
hardness values, to calculate the movement resistance. 

As can be observed from Figures 12 and 13, the required driving force is 
approximately equal when the RDs are of identical hardness and an equal displacement 
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is applied in the positive and negative Y-directions. In addition, the motion resistance 
increases with the increase in material hardness and axial displacement. When the 
displacement is 1 mm, the RD movement resistance is minimum when the hardness is 30 
Shore, and the RD movement resistance is maximum when the hardness is 90 Shore. 
Moreover, the minimum and maximum resistance of the large RD is 0.32 N, and 2.5 N, 
respectively, and that of the small RD is 0.26 N and 1.96 N, respectively. Therefore, under 
the requirements of working pressure, a smaller hardness of the RD is more effective. 

Displacement/mm
Hardness/A

 
Figure 12. Movement resistance of large RD. 

Displacement/mm
Hardness/A

 
Figure 13. Movement resistance of small RD. 

4. Experimental Analysis 
The BBR and RD obtained through the multi-objective parameter optimization 

analysis were installed on an FSS to verify whether these could satisfy its performance 
requirements. Then, the pressure test, internal resistance measurement test, and force 
output consistency test were carried out on the FSS. The FSS is shown in Figure 14. 
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Figure 14. The photograph of Flexible support system. 

4.1. Pressure Test of FSS 
The RD determines the pressure resistance of the FSS. When the size parameters of 

the RD are determined, its hardness plays a decisive role in the rated working pressure of 
the FSS. In the experiment, install the RDs of different hardness values in the FSS. Then, 
gradually apply pressure to the upper and lower chambers of the FSS until the RD is 
damaged by pressure. The highest pressure is then recorded (i.e., the pressure attained 
when the RD is damaged). The ultimate pressure of the RD at each hardness value 
collected through repeated tests is shown in Figure 15. 

 
Figure 15. Relationship between RD hardness and limit working pressure. 

It can be observed from Figure 15 that when the RD hardness is at least 40 Shore, the 
ultimate pressure that it can withstand satisfies the requirement of the rated pressure of 
the FSS (1 MPa). The simulation results of the RD reveal that when the RD hardness is 
smaller under identical structural parameters, the deformation resistance is smaller. A 45 
Shore RD is selected for use in the FSS to minimize the deformation resistance of the RD 
while increasing its life. It can be observed from Figures 12 and 13 that, when the 
deformation of the RD with a hardness of 45 Shore is 1 mm, the deformation resistance of 
the large and small RDs is 0.5 N and 0.35 N, respectively. At this time, the ultimate 
pressure that the FSS can withstand is 1.18 MPa. 
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4.2. Measurement Experiment of Internal Resistance of Support Cylinder 
A BBR with a thickness of 0.2 mm, bending position in the middle, bending angle of 

30°, and RD with hardness of 45 Shore are applied in the experiment. According to the 
test requirements of measuring the internal resistance of the support cylinder, the test 
bench is shown in Figure 16. The support cylinder is placed horizontally on the test-bed, 
and the radial resistance of BBR is balanced with the gravity of piston parts, so as to 
eliminate the influence of gravity on resistance measurement. During the experiment, 
rotating the screw micrometer knob can pull the steel wire rope and tension sensor to 
move, and finally pull the support shaft of the support cylinder to move. The tension value 
that was fed back by the tension sensor is collected and set as the internal resistance of the 
support cylinder under the current displacement. A laser micrometer is used to directly 
measure the displacement of the piston shaft of the support oil cylinder in a non-contact 
manner. In order to ensure that the tension value of the tension sensor can truly reflect the 
internal resistance of the support cylinder, it is necessary to ensure that the tension sensor 
and the support shaft have good coaxiality as far as possible. The theoretical resistance 
and experimentally measured resistance of the support cylinder are shown in Figure 17. 

Laser 
micrometer Support cylinder Force sensor

Spiral 
micrometer

PLC PC

Wirerope

 
Figure 16. Internal resistance measurement test bench. 
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Figure 17. Internal resistance measurement experiment.  

As shown in Figure 17, when the displacement of the support shaft is larger than 
zero, the deformation resistance generated by the BBR and RD causes the internal 
resistance of the support cylinder to increase. There is an error of approximately 0.4 N 
between the actual measured resistance and theoretical resistance. It is within the 
permissible range of error. The main cause of the error is the variation in the local elastic 
modulus caused by thermal deformation and thermal deterioration when the BBR is cut 
online. The experimental results verify the accuracy and effectiveness of the established 
mathematical models of BBR and RD deformation resistance. These also demonstrate that 
the optimization of multi-objective parameters can effectively reduce the internal 
resistance of support cylinders. 

4.3. Force Output Consistency Experiment 
The consistency of force output is an important performance parameter of FSSs. The 

difference between the maximum and minimum force output should not exceed 1 N. The 
force output consistency is the degree to which the optical mirror gravity can be 
distributed uniformly on each support shaft of the FSS. When the support cylinder is 
arranged uniformly on the support floor and the pressure of the FSS is equal, the force 
output consistency is directly affected mainly by the internal resistance of the support 
cylinder. During the experiment, a load-bearing sensor is installed on the support shaft, 
and the optical mirror with a diameter of 1280 mm and a weight of 43 Kg is placed on the 
FSS. Then, the pressure of the FSS is increased to 0.5 MPa, and the output force of each 
support shaft is measured by reading the feedback value of the sensor. 

As shown in Figure 18, the experiment on the FSS is repeated three times. The black 
curve is the theoretical output value, and the remaining are the measured force output 
values. An analysis of the collected data reveals that the difference between the maximum 
and minimum values of force output in the three experiments are 0.87 N, 0.93 N, and 0.77 
N, respectively. These are less than the limit range of 1 N. That is, the designed FSS 
satisfies the requirements of force output consistency. It can be seen that the designed FSS 
is suitable for large optical mirror support with a diameter of more than 1000 mm and a 
total weight of less than 360 Kg. 

 
Figure 18. Force output consistency experiment. 
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5. Conclusions 
An FSS with adjustable stiffness and unloading impact of the tool on the mirror 

surface to be processed is designed to improve the processing precision of optical mirrors. 
The movement resistance of the support cylinder is established to study the axial 
movement resistance of the FSS. The main factors affecting the movement resistance are 
the deformation resistance of the BBR and RD. To minimize the motion resistance of the 
support cylinder and improve its force output consistency, a multi-object parameters 
deformation resistance model of BBR and RD is established and its structural parameters 
optimized. The established model is simulated and analyzed in ANSYS. The force 
required to deform the BBR by 1 mm in the positive or negative Y-direction, force required 
to deform it by 0.5 mm in the positive X-direction, deformation caused by the application 
of a force of 1 N in the positive or negative Y-direction, and deformation caused by the 
application of a force of 10 N in the positive X-direction are calculated separately. In 
addition, the forces required by the RDs with different hardness values under different 
deformations are calculated by simulation. The simulation results are analyzed to obtain 
the optimal parameters for the BBR and RD that satisfy the performance requirements of 
the FSS. 

A pressure test of the FSS, an internal resistance measurement experiment, and a 
force output consistency experiment are conducted to determine the effect of the BBR and 
RD optimized by multi-objective parameters on the performance parameters of the FSS. 
The experimental results show that the actual measurement and simulation analysis of 
the deformation of the RD and BBR require essentially an equal force. In addition, the 
maximum and minimum force output of the support shaft is less than the design limit of 
1 N. The optimized design of the FSS satisfies the adjustable support stiffness while 
effectively reducing the movement resistance and improving the force output consistency. 
This provides a theoretical basis for its application in the field of high-precision optical 
processing. The designed FSS can also be applied to the attitude adjustment of large 
optical mirrors, and similar engineering fields with high accuracy requirements are also 
the application object of this study. 

Based on the results of this paper, the cooperative work between the FSS and the 
optical mirror machining robot can be applied to the whole process of optical mirror 
machining. The response of the support system in the dynamic environment is analyzed, 
in order to optimize the overall performance and further improve the surface accuracy of 
the optical mirror. 
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