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Abstract: A hydraulic in-situ support system is commonly used in the optical testing of mirrors, since
it is convenient to unload the gravity of a mirror to be measured without the risk of being turned
over or moved to another place. The existing supporting structures have several disadvantages, such
as the problem of the output force deviating from the axis, being sensitive to machining loads, its
flexible components easily leading to fatigue damage by cyclic loads and so on. A new single-cylinder
hydraulic supporting unit with a ball hinge was proposed, analyzed and verified in this paper. A
finite simulation based on four structural parameters’ effect on the stiffness of the proposed hydraulic
supporting unit showed that increasing the thickness, elastic modulus and convolution width of the
rolling diaphragm and decreasing the height of the rolling diaphragm to some extent was beneficial
to a high stiffness. Moreover, it could be concluded from experiments that, in order to decrease the
stiffness dispersion, the air ratio should be as low as possible and the values of the initial pressure and
press speed should be as high as possible. These results are conducive to maintain a high stiffness of
HSU to bear the processing load and reduce the low-order aberrations of mirror which provide a
reference for future hydraulic supporting unit designs.

Keywords: in-situ optical testing; hydraulic supporting unit; axial stiffness; stiffness dispersion

1. Introduction

The surface shape of a reflector manufactured under ground gravity constraints will
change after the camera enters orbit, due to the release of gravity [1–5]. The traditional
ways of manufacturing and testing optical mirrors are implemented separately, which cause
great risks, especially when the workpiece is turned over or moved to another place for
testing [6–8]. Compared to traditional testing methods, the in-situ optical testing of mirrors
has many advantages, such as saving much time, workload and budget [9]. Furthermore,
the hydraulic in-situ support system turns out to be an effective way of realizing in-situ
optical testing, owing to its advantages such as a fast response, high axial stiffness and
reducing the print through effect of polishing mirrors [10]. The hydraulic in-situ support
system is usually composed of several hydraulic supporting units and some accessories.
The mirror support structure should achieve two basic functions: one is to determine
the position of the mirror space, and the other is to maintain the accuracy of the mirror
shape [11,12]. In order to ensure a high surface figure and reduce low-order surface shape
errors such as the dispersion, coma and trefoil dispersion of supported mirror surfaces
for testing, either we increase the axial stiffness of a hydraulic supporting unit (short for
HSU) [13,14] or reduce the stiffness dispersion of several HSUs [15]. Pneumatic and hy-
draulic supporting units are the two main supporting units utilized in some mainstreaming
hydraulic systems. Pneumatic supporting units, like the supporting unit used for the
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6.5 m aperture main mirror of the Multi-Mirror Telescope (MMT), are composed of a dual
pneumatic cylinder, a buffer and a force actuator [16]. However, gases are more easily com-
pressed, resulting in lower support stiffness. Therefore, the pneumatic support unit is more
sensitive to the processing load, which is not conducive to obtaining high-surface-shape
accuracy. Hydraulic supporting units are mainly divided into two kinds of structures,
including dual-cylinder supporting units [17,18] and single-cylinder supporting units [19].
As for the dual-cylinder supporting units, the support force is output by means of the
differential hydraulic pressures of the upper and lower chambers. On the one hand, the
dual-cylinder structure is complicated, which is difficult to be processed and assembled
with increasing the processing budget. On the other hand, more components of HSU will
bring more risks of fluid leakage. A typical structure of the single-cylinder supporting
units is the HSU used for the SUBARU 8.3 m main mirror, which consists of a buffer and
a single hydraulic cylinder. However, this structure possesses the problem of the uneven
distribution of floating masses and the deviation of output forces from the axis caused by
the side exhaust scheme. Moreover, the buffer and force feedback element attached to the
top of the support structure make it difficult to integrate and control the support system,
and the cost of manufacturing the support unit is even more expensive. Therefore, the
structure of HSU needs to be simplified furthermore and needs to keep a good working
performance. Furthermore, considering that the cyclic loads from the grinding head can
easily lead to fatigue damage to flexible components of HSU, it is essential to design a
simplified single-cylinder supporting unit to overcome the above problems. In this paper, a
single-cylinder hydraulic support structure with a ball joint is proposed. Since the stiffness
of the HSU is directly relevant to whether the HSU is sensitive to the processing load or not,
the factors influencing a HSU’s stiffness are investigated analytically and experimentally.
The dispersion of several HSUs’ stiffness needs to be reduced to acquire a high surface
figure of the mirror.

2. Illustration of HSU Design and Working Principle

A pneumatic hydraulic composite support system, as shown in Figure 1, is utilized
to simulate the state of a mirror’s surface figure under processing or testing. When the
mirror is under processing, nine HSUs will bear the gravity of the mirror and the grinding
load. After the manufacture of the mirror, nine HSUs will descend to a lower altitude,
and the rolling diaphragm will rise to bear the gravity of the mirror for testing. In this
paper, we only focus on the state of the mirror being under processing. Nine HSUs are
fixed on the foundation, and when these HSUs are working, the spherical mirror will rise a
certain height.
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Figure 1. Schematic of a profile of a pneumatic–hydraulic composite support system.

As depicted in Figure 2, nine HSUs are distributed uniformly in the circular direction.
Each HSU in the inner circle and every two HSUs in the outer circle share one peristaltic
pump. Each HSU in this combination possesses the same pressure of the working liquid.
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Figure 2. Schematic diagram of the connection of support units.

The single-cylinder HSU with a ball hinge is presented in Figure 3. The support unit,
from top to bottom, consists of a ball hinge, an upper flange, a lower flange, a rolling
diaphragm, a gasket, a piston and a cylinder block. All components of the supporting unit
are made of aluminum alloy (i.e., 2A12) except the gasket and rolling diaphragm whose
material are NBR. The sealing connector can be easily purchased since it is a standard
component. The design focuses on three points: 1. ensuring the sealing of the HSU;
2. maintaining the rolling performance of the moving parts; 3. reducing the damage
of the grinding head to the flexible parts in the support unit. Among them, the sealing
performance is mainly guaranteed by a combination of the ring rubber strip of the rolling
diaphragm, the groove of the flange end cover, the rubber gasket and the sealing connector.
The rolling performance of the moving parts is mainly achieved by selecting an appropriate
rubber material for the rolling diaphragm and manually convolving the rolling part of the
diaphragm. Moreover, reducing the damage of the flexible part is achieved by the universal
ball hinge at the top of the HSU.
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The working principle of HSU is described as follows. A cylinder block, piston, rolling
diaphragm, upper flange, lower flange and gasket constitute a closed vacuum chamber.
The side of the cylinder block is equipped with an oil port and is connected to the hydraulic
line. When the vacuum chamber is oiled, the rolling diaphragm bears the tensile load
inside the cylinder block and rolls along the axis, pushing the floating component up.
After the mirror’s back comes into contact with the HSU, the unloading of the mirror’s
gravity begins. The HSU has the characteristics of negligible lateral stiffness and large axial
stiffness. The ball joint at the top can be rotated freely, achieving a better fit with the mirror
back. It is conducive to the decoupling of multi-axis stiffness when used for unloading the
gravity of the mirror.
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3. Theoretical Consideration of the Stiffness of a HSU

After the oil inlet of a HSU is opened and filled with liquid, the mirror is raised to a
certain height and reaches a steady state. As shown in Figure 4, considering that a HSU is
hydrostatically balanced, the pressure of liquid is defined as P; the mass of the ball hinge,
m1; the mass of the piston, m2; the gravity of the floating component, G; the tension of
the rolling diaphragm, Ft; the force of the mirror on the HSU, F0; the sum of the internal
pressure of the HSU, F. Then the force balance equation of the HSU is:

F = G + F0 + Ft (1)

wherein, the working radius of the rolling diaphragm is R; the convolution width of the
diaphragm, C; the thickness of the rolling diaphragm, t. Since the convolution width C
is relatively larger than the thickness t, it is assumed that the cross-section tensile stress
caused by the diaphragm tension Ft is evenly distributed along the thickness t direction.
According to the reference [10], the total pressure acting in a certain direction on the surface
is equal to the product of the projection area and the pressure of the compression surface in
this direction. Thus the diaphragm tension Ft, the gravity G of the floating component and
the sum of the internal pressure of HSU F are:

Ft = π
(

2RC − C2
)

P (2)

G = (m1 + m2)g (3)

F = πR2P (4)
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Figure 4. Schematic diagram of axial force analysis of the HSU.

According to Equations (1)–(4), it can be deduced that the force F0 of the mirror on
HSU is:

F0 = π(R − C)2P − (m1 + m2)g (5)

The axial stiffness S of HSU is defined as the ratio of the unit output force to the axial
displacement per unit of cylinder head, that is:

S =
dF0

ds
(6)

When the structural parameters of HSU are determined, the unit output force is
derived from Equation (5):

dF0 = π(R − C)2dP = −π(R − C)2K
dV
V

(7)

where K is the volume modulus of the liquid, and V is the working volume of HSU.
Since the rolling diaphragm material is NBR rubber, which has a certain elasticity, it will
be stretched for a certain length during the lifting of the mirror. The total length of the
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stretchable part of the diaphragm is l, and the diaphragm stretch is dl, then the liquid
working volume change of HSU dV is shown in Formula (8).

dV = π(R − C)2ds − πRC
(

ds + dl
2

)
(8)

According to the mechanics of the material, the elongation of the diaphragm dl is
equal to:

dl =
Cl
2Et

dp (9)

where E is the modulus of elasticity of the diaphragm, and t is the thickness of the diaphragm.
According to Formulas (6)–(9), the axial stiffness S of HSU can be derived as:

S =
π2(R − C)2(R − 2C)(2R − C)

πRC2l/2Et − 2V/K
(10)

From Equation (10), it can be seen that the axial stiffness of HSU is related to the structural
parameters, including the working radius of the rolling diaphragm R, the convolution width
the diaphragm C, the thickness of the diaphragm t, the elastic modulus of the diaphragm
material E, the working volume of the liquid filled V, and the volume modulus K.

4. Stiffness Simulation Analysis of HSU

In this section, a static analysis under typical working conditions is performed to
further investigate the key parameters affecting the stiffness of the HSU, which also verifies
the deduction of theory.

Given that the sum of the supporting forces of three HSUs in the inner circle and the
sum of the supporting forces of six HSUs in the outer circle is equal to the gravity of the
mirror, the RMS minimum value of the mirror surface type is set as the objective function.
Through optimization iteration, the optimal result is that, when the support force of the
three support points in the inner circle is 15.63 N and the support force of the six support
points in the outer circle is 17.02 N, the surface RMS value of the mirror is the smallest. In
order to simulate the gravitational deformation of the mirror in actual working conditions,
a cylinder with a small elastic modulus is set in the center of the mirror back to impose a
fixed constraint. Parameters set in the finite simulation is shown in Table 1. The specific
finite element model is shown in Figure 5a.

The mirror body is endowed with the corresponding material parameters of glass–
ceramic. The PV value of the nine-point support of the mirror in the ideal state is 46.7 nm,
and the RMS value is 9.4 nm. The deformation of the mirror body is shown in Figure 5b.

Table 1. Simulation conditions set in Hypermesh.

Parameters Values

NBR
Young modulus 3.5 MPa

Density 9.8 × 10−10 t/mm3

Poisson’s ratio 0.45

2A12
Young modulus 68,000 MPa

Density 2.8 × 10−10 t/mm3

Poisson’s ratio 0.25

glass-ceramic
Young modulus 90,600 MPa

Density 2.53 × 10−9 t/mm3

Poisson’s ratio 0.24
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Figure 5. (a) Finite element model of the 500 mm diameter mirror; (b) finite result of the 500 mm
mirror’s deformation.

Based on typical working conditions, the support pad of the HSU is subjected to a
vertical downward pressure of 17 N, and the internal pressure of the hydraulic chamber is
42.3 kPa. The bottom of the HSU’s finite model is fixed. In order to reduce the amount of
calculation, the spherical joints, oil ports and other parts that have little influence on the
structural force are omitted from the model.

The cloud diagram of the calculation results is shown in Figure 6. Figure 6a is the
overall deformation cloud diagram of the HSU under typical working conditions, and
Figure 6b is the deformation cloud diagram of the floating parts in HSU under the corre-
sponding working conditions. It can be seen from the figure that the axial displacement
of the floating part is 0.641 mm, and the displacement in the radial direction is almost
negligible, which clearly shows that the HSU has no lateral stiffness. Therefore, this kind of
structure is suitable for the gravity unloading of large-diameter mirrors.
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In this section, the effects of rolling film thickness t, convolution width C, film height h
and elastic modulus E on support stiffness are determined by finite element analysis.
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Using 10 sets of data within the range of ±20% of original structural parameters and
±14% of the elastic modulus of the rolling diaphragm for finite element analysis, the design
values and variation ranges of the various parameters are shown in Table 2.

Table 2. Values of structural parameters in simulation analysis.

Initial Value Minimum Maximum

t (mm) 0.5 0.4 0.6
C (mm) 5.5 4.4 6.6
h (mm) 8.8 7 10.6
E (MPa) 3.5 3.0 4.0

To ensure the accuracy of the results, a single variable should be controlled, and other
parameters should remain unchanged during the finite element analysis.

The influence curves of stiffness versus values of different parameters are shown
in Figure 7a–d. It can be seen that, basically, the simulation results are consistent with
the theoretical deduction. As the diaphragm thickness grows, the stiffness of the HSU
keeps rising, as is the elastic modulus of the rolling diaphragm. The difference between
the two curves is that the growth rate of the former one keeps increasing, while that of
the latter one descends. The height and width of the convolution part also influence the
stiffness of the HSU to some extent. Comparing Figure 7a,b, the trend of these two curves
is almost opposite. Moreover, even though the stiffness of the HSU increases as the width
of the convolution part increases, the curve is rising with some jitters since the working
volume V is influenced by the width of the convolution part, which is consistent with the
theoretical results.
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5. Experimental Verification

In order to reduce the stiffness dispersion, it is necessary to strictly follow the tolerance
when processing the diaphragm and to control the error within a certain range, which
helps to reduce the difference in support stiffness, so as to obtain better gravity unloading
accuracy. Four structural parameters are all investigated by finite element analysis in an
ideal state to determine the key factors affecting the stiffness of the support, but there are
still some other factors in actual states, such as bubble content, initial pressure and pressing
speed, which also influence the stiffness of the HSU. Therefore in this section, a testing
platform is built so as to further explore factors in the stiffness and stiffness dispersion.

The instrument required for the test is an electronic universal testing machine (DDL10).
It is cascaded with a force sensor with a range of 200 N. The effective measurement range of
force is 0.4–100% FS. The testing machine is equipped with a high-precision displacement
sensor and TestExpert.NET software V1.0 (Sinotest Equipment Co., Ltd., Changchun,
China), which can record the deformation of the workpiece while adjusting the force. The
force measurement accuracy and deformation measurement accuracy are ±0.5% of the
indicated value. The testing diagram of the HSU on the testing machine is shown in Figure 8.
The values of some key structural parameters of the HSU are summarized as follows. The
axial adjustment distance of the HSU is 8 mm; the working diameter, 65 mm; the axial
height, 55 mm; the working radius of the rolling diaphragm R, 17 mm; the convolution
width C, 5.5 mm; the thickness of the rolling diaphragm t, 1 mm; the radius of the dome
hinge top cover, 14 mm.
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A specific connection method is shown in Figure 9. A peristaltic pump (BT103S)
possesses the ability of adjust the speed and stabilize the pressure. It is equipped with
a Y25 pump head. The piezometer (SN-C530) with a range of 0 to 100 kPa is to monitor
the pressure of the HSU, considering that the stiffness of the HSU is relevant to the initial
pressure of the working liquid. The piezometer uses the RS-485 protocol to communicate
with a PC and shows the pressure of the liquid in real time. When the pipe pressure reaches
the setting value, the ball valve is shut down to maintain the pressure. Additionally, the self-
made connector is to connect two hoses of different sizes. To be noted, the working liquid
used in this experiment is water. Special attention should be paid during the connection
process: the test requires good sealing, so the connection of each element of the circuit
should be completely sealed, and each interface can be sealed with raw tape.
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Figure 9. Diagram of the stiffness testing system.

Without any processing stress, according to Equations (1)–(5), the original pressure of
the working liquid can be calculated (i.e. 42.3 kPa) when the HSU reaches a steady state.
The maximum load was set as 20 N, and the slope of the deformation value of the HSU
and difference between a load of 16 N and of 18 N is calculated. The simulated result of the
HSU’s stiffness with a load of 17 N is about 26.521 N/mm. And the experimental result is
about 26.16 N/mm. The difference between the simulated result and the experiment is less
than 1.4%.

Referring to [20], for this single-cylinder supporting unit with only axial stiffness,
the stiffness of the HSU descends as the air bubble content increases. Considering the
complexity of simulation analysis involving air, fluid and solid, it is more convenient
to verify the influence of air bubble content on the stiffness of the HSU qualitatively by
experiments. Before the HSU is filled with the working liquid, the remaining air in the
HSU will be extracted by the peristaltic pump as much as possible. Then the switch of the
peristaltic pump is reversed, and the HSU is filled with air for three seconds as a unit before
the HSU is supplied with the working liquid. Given that the speed of the peristaltic pump
is constant once set, the air ratio is positively correlated with the working time of filling air
into the HSU. According to the product brochure of the peristaltic pump with a Y25 pump
head and 24# tube, once the revolutions per minute (rpm) of the pump is set to 100, the
flow rate is about 283 mL/min. Thus the total volume of air pumped into the HSU in three
seconds can be calculated as 14.15 mL. The working volume of the HSU is about 27,107 mL.
Therefore one unit of air ratio is about 0.05%. The result of the effect of the air ratio on the
stiffness of the HSU is shown in Figure 10. The relation is nearly inversely proportional. It
is mainly because gas is compressed more easily than liquid. Therefore, before the HSU
is put into use, the air bubble in the pipeline and the HSU should be removed as much
as possible.
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In order to study the effect of different pressures in the oil pipeline on the dispersion
of the support stiffness, the stiffness of the three HSUs in the above-mentioned combination
was measured. The content of air bubbles and the pressure of the pipeline are adjusted
by the peristaltic pump. The stiffness value of each HSU was measured at 50 kPa, 70 kPa,
100 kPa and 120 kPa, respectively, and the average value of the support stiffness and the
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average value of the offset were calculated, and the average value of the offset of each group
with different pressure values was compared. As depicted in Figure 11, the greater the
pressure, the lower the stiffness dispersion, and when the pressure increases, the support
stiffness increases significantly. Therefore, a high liquid pressure should be maintained
within the safe working range of the entire system.
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For 3 HSUs for stiffness tests under 100 kPa, each HSU can be measured under indenter
pressing speeds of 0.1 mm/min, 0.2 mm/min, 0.3 mm/min, 0.4 mm/min and 0.5 mm/min,
respectively. The mean value of the support stiffness and the mean value of the deviation
were calculated. The results of each of the HSUs in five groups are compared. It can
be concluded that the smaller the mean value, the lower the stiffness dispersion. From
Figure 12, it can be seen that the workpiece pressing speed has a significant effect on the
stiffness dispersion. The faster the pressing speed is, the smaller the deviation, and the
lower the stiffness dispersion.
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6. Conclusions

In this paper, a new single-cylinder HSU is proposed, analyzed by theory and simu-
lation and verified with several experiments. Compared with existing hydraulic support
units, the proposed HSU in this paper has the following advantages: 1. The design follows
the principle of rotational symmetry to ensure that the output support force is along the
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axis; 2. The new hydraulic support unit using a liquid medium can provide greater stiffness,
which can reduce the self-weight deformation of the mirror body and can be less sensitive
to the processing load, so as to achieve the inhibition of the imprinting effect; 3. The uni-
versal spherical hinge structure is adopted, which solves the problem that the circulating
load easily leads to fatigue damage to flexible components; 4. The buffer structure and
force feedback element attached to the top of the support structure are removed, making
the support system integration and control easier and the manufacturing cost lower. A
finite simulation based on four structural parameters’ effect on the stiffness of the HSU
shows that increasing the thickness, elastic modulus and convolution width of the rolling
diaphragm and decreasing the height of the rolling diaphragm to some extent is beneficial
to a high stiffness of the HSU. Moreover, it can be concluded from experiments that, in
order to decrease the stiffness dispersion, the air ratio should be as low as possible and the
values of the initial pressure and press speed should be as high as possible. Considerably
more work will need to be done to perfect the proposed structure of a single-cylinder
HSU, such as adding an exhaust-recirculation structure with a plug in order to expel the
remaining air from the HSU to keep a high axial stiffness. Additionally, since the liquid
inside the hydraulic cylinder is compressible, the effect of the hydraulic medium on the
support stiffness should also be investigated carefully.
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