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ABSTRACT
Optical imaging telescopes for space applications are typically designed and built to perform at their diffractionlimited performance, where-in their near theoretical limit of performance to be achieved. To obtain such
performance, the mirrors front surfaces of the telescopes are typically fabricated and characterized to a surface
accuracy λ/60 RMS and λ/10 PTV (where λ = 632.8 nm). Further, typical pointing and geometrical positioning
accuracies of different optical elements in the telescope (such as primary & secondary mirror) are required to be
controlled to less than 5 arc seconds and 10 microns respectively. The stability of the above performance for given
operational and survival conditions is also very critical. The loads that influence the stability of performance of the
system may be manufacturing process of each mirror & their mounts, assembly and interface loads, static pre-loads,
dynamic launch loads, gravity release effects, on-orbit thermal and other environmental loads. During fabrication
and testing of mirror performance on ground, the gravity induced self weight deformations becomes very critical. If
the mirror are very large in size and are light weighted, the self weight deflections due to gravity becomes very
significant and gravity release support systems thus become very essential. When the mirror is tested with mirror
axis in horizontal orientation, the gravity induced self weight deformations will be quite different from that of
Whiffle Tree mount deflections with mirror axis in vertical orientation due to different stiffness characteristics of the
Light weight mirror in two different orientations and support conditions. To test such a large light weight mirror
with mirror axis in horizontal orientation, special mounting techniques such as 2-axis / 3-axis Gimbal mounts or
strap mounts are used to provide minimal gravity induced deflections. Thus, the Scope was to design, and analyze a
semi-kinematic three axis Gimbal mount for testing a typical 1200 mm diameter light weight annular mirror with
mirror optical axis in horizontal direction and the gravity vector is perpendicular to it. To carryout testing and
characterization of such large size mirror in the above configuration, the proposed semi-kinematic mount, when
realized shall provide minimal gravity induced deflections.
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1.

INTRODUCTION

Opto-Mechanical design involves many disciplines such as Material Science, Mechanical design, Optics design,
fabrication and Thermal design aspects. The Opto-Mechanical design deals with design, analysis, Fabrication,
Assembly and Qualification of the Optical systems incorporating optical components mounted in their mechanical
housings. Strain free mounting of optical elements and positioning the elements of an optical system relative to each
other are two primary concerns of Opto-Mechanical Engineering. Strain is more important than stress in most of the
Opto-Mechanical design. The typical deformations, pointing and position changes that are expected under different
loading conditions are given in Figure 1.

Figure 1: Deformation of mirror surface with changes in position and pointing under loading
The most common load on the mirror optical surface during its fabrication and testing the mirror as a freefree standalone element is it’s self-weight due to gravity. To counter the gravity effects, the mirrors are typically
supported on the kinematic / semi-kinematic mounts. In practice, true kinematic behavior of the mount (support
system) may not be feasible due to high localized stresses in the mirror and effects such as friction and non linear
behavior of the mount. However as an approximation to the true kinematic behavior, an optimized semi-kinematic
mount shall provide similar characteristics as that of true kinematic behavior in-terms of stiffness / compliances in
selected (required) degree of freedom. When the mirror is supported and tested with mirror axis in vertical direction
along gravity vector, typically multi-point whiffle tree support systems are used providing gravity release effects on
to the mirror. The kinematic / semi-kinematic whiffle support points if optimally designed and configured, shall
provide equal and opposite reaction forces equal to that of self weight of the mirror making ΣF = 0, which is equal to
near zero gravity testing. The mirror shall still deform in the unsupported regions of the whiffle tree mount, but by
optimizing the number of support points and their position, the deformations can be minimized to less than the
functional requirements to produce near theoretical (diffraction limited) performance.
Similarly, when the mirror is tested with mirror axis in horizontal orientation and gravity vector
perpendicular to the mirror optical axis, the gravity induced self weight deformations will be quite different from
that of whiffle tree mount deflections due to different stiffness characteristics behavior of the light weight mirror
oriented in the vertical direction and its support conditions. The deformed optical surface and the corresponding
optical aberrations shall be quite different. To produce near zero gravity support condition with a kinematic or semi
kinematic strain free mount for such light weight mirror is a challenging task. Though, there are standard gravity
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release mounts such as Gimbal mounts or strap mounts commercially available in market, most of them are for small
mirrors with regular right circular shape solid mirrors.

Figure 2: Typical complex shaped ≈ 1200 mm diameter Light Weight Mirror.
The Scope of this research was to design, and analyze a semi-kinematic three axis Gimbal mount for testing
a 1200 mm diameter light weight mirror with mirror optical axis in horizontal direction and the gravity vector is
perpendicular to it. The goal was to evolve a strain free mount which was specifically configured for the above
given mirror and achieve required gravity release effects. There are no closed form solutions available for
computing the surface deformations of such complex shaped mirror geometries. Finite Element Methods (FEM)
based solution is adopted for analyzing the gravity induced deflections along with evolved 3 axis Gimbal mount.
This article gives the details of Opto-Mechanical design principles adopted, Geometric design of Gimbal mirror
mount assembly, FE Analysis of LTWT mirror and Gimbal Frame assembly, Mirror performance in vertical testing,
Result and discussions and the final conclusions.

2. Optical Mirror Mount Design
2.1 Design Objectives
The detailed design objectives of a mirror-mount system are summarized below:
1) Mount the mirror kinematically / semi-kinematically in a strain free configuration.
2) Eliminate, or minimize, local mounting pressure / force loads and bending moments which might distort the
optical surface.
3) Transfer the loads to the supporting structure without distorting the mirror optical surface and maintaining
the optical alignment of the system.
4) Compensate for, or minimize strains caused by thermal distortions (if any due to different CTE of
materials).
5) Provide a simple means of aligning and adjusting both the mirror and the mount system.
2.2 Design Criteria
Before the design of a mount is attempted, the operating, test, service, and transportation environments of the mirror
must be considered. An optical instrument for use on ground will be subjected to both dynamic and static loadings
during fabrication, assembly and operation. If optical tolerances are to be maintained, the stress level of each critical
component should be designed to lower than their Micro Yield Stress (MYS) criteria. To design a mirror and its
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mount to an optimum stress level below the precision elastic limit, one has to determine critical dynamic and static
loading conditions applied externally to the mounting system.

2.3 Mirror Mount Performance Parameters
The most important parameters that characterize mirror-mount performance are range, resolution, repeatability, and
stability.
• Range refers to the total angular motion in each axis through which the mount can travel.
• Resolution is the smallest increment through which the mount can be reliably adjusted.
• Repeatability is the ability of the mount to return to a specific position for a given adjustment, while
stability refers to how much the mount shifts over time due to various thermal and mechanical factors.
• Stability is the ability to maintain the orientation of optic, susceptible to deformations due to temperature
gradients, thermal property in-homogeneities, internal stresses, and imposed forces such as acceleration and
gravity.
2.4 General Considerations of Gravity Effects with Mirror axis in Horizontal orientation.
There are two types of forces exerted on the edge of a mirror supported with its optic axis horizontal:
1) Radially directed forces either tensile or compressive that vary in magnitude around the periphery of the
mirror form the first type.
2) Moment forces that tend to bend the optic surface due to gravity.
These are generally distributed uniformly as indicated in Figure 3(a) and are transmitted through the
mirror so as to support the weight of each volume element. Potential deformations at a point on the surface of
the mirror are VR radially, Vϕ tangentially, and VZ axially. The mirror diameter is DG, its axial thickness tA, and
its weight W. If the cross section of the mirror is not of uniform thickness i.e., concave (as indicated in Figure 3(b)) or
convex, the transmitted forces also produce moments that tend to bend the mirror. These are illustrated schematically
in Figure 3(c), which shows an element of average thickness t (dt/2) with the transmitted radial forces applied to the
opposite faces.
The upward and downward resultants of these forces are axially displaced by (dt/2), thereby producing an
elemental moment. When integrated over the entire mirror, these elements have a resultant force equal to Wξ, where
ξ is the distance from the centre of mass to the mid plane dashed vertical line in Figure 3(b). This resultant is
balanced by a distribution of bending moments mR, at the mirror edge as indicated at the bottom of view (b). These
moments form the second type of boundary forces due to gravity. They tend to bend the mirror surface. Shear stresses
and the effects of central perforations in the mirrors must also be considered.
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Figure 3: Quantities entering the gravity-induced deflection problem for a horizontal-axis solid mirror.
3. Geometric Design of Gimbal Mirror Mount Assembly
A Gimbal is a pivoted support that allows the rotation of an object about desired axis. Gimbals can be also
configured for multiple axes viz. two to three axes. These Gimbal mounts are used to mount, typically from small
camera lenses to large imaging telescope mirrors where stain free mounting of the optics and motion (kinematic and
precision) is required for alignment and testing either during the fabrication or final testing as an instrument.
Ideally, the axis of rotation for a Gimbal mounts must be orthogonal, non-interacting, stationary, and
centred on the optic. That is, the effect of rotational movement in one axis should not affect the rotation in other axes
or produce any resultant effect in other axes. Moreover, a Gimbal mount, if properly designed and constructed, can
provide the range of travel (linear or rotation), high resolution, good repeatability and stability. Such mounts are
available now available in variety of configurations for small mirrors. However for large size mirrors with complex
geometries as defined for the scope of this Research, no standard Gimbal can meet the requirements. Hence it must
be designed and built to meet the specific mounting and performance requirements.
In the actual application / usage of the mirror, the mirror is proposed to be bonded to Mirror fixation
devices (MFD’s) at three pocket 120º apart and the mirror assembly is then mounted in the telescope instrument. It
is proposed that if we can use the same three MFD pockets for a kinematic flexural mount instead of actual MFD's
and test the mirror in vertical direction (gravity vector perpendicular to optical axis), then Gimbal mount can be
configured.
Thus based on the mirror performance requirements, the design of a three rotational axis Gimbal mirror
mount is carried out. The design was also based on:
1. Ease of fabrication & assembly
2. Configuration of Rotational mechanisms, specific to given mirror
3. Strain free Kinematic mounting of mirror
4. Ease of handling of the mirror for loading and unloading in the Gimbal
5. Optimization of weight of overall Gimbal mount

3.1 Design of Bearing Support Plate Assembly
The present mirror testing configuration demands that gravity vector is perpendicular to optical axis, and the mirror
must be rotated freely about its axis. The light weight pattern of the mirror is symmetric about its optical axis at
every 60º. The symmetry provides equal mass participation of the mirror at every 60º orientation. Thus, when the
Pradeep Kumar K V, Dr. Maruthi B H, Krishnamurthy T

20

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Vol.1 Issue.4,August
2013. Pgs: 16-36

gravity induced deflections are analyzed, they need to be analyzed at every 60º, so that the deflection profiles are
identical in all six orientations. Identical deflections indicate that the mirror mass & stiffness are symmetrical at
every 60º.
Further, when the profiles are captured at six orientations viz. 60º, 120º, 180º, 240º, 300º, 360º orientations,
the deflection profiles captured through FEM analysis which can be processed to provide corresponding Optical
Path Difference (OPD) profiles which in turn can be processed to give zero gravity profiles. Since 60° & 240° and
120° & 300° profiles cancel out with each other as if it is +1 "g" and -1 "g", we get zero "g" effects. If any residual
deformation still exists on the mirror, then it is attributed to mirror surface residual generated during its fabrication,
or due to Gimbal mount induced deflections (due to bending moment or force induced deflections). Since the goal
was to predict the surface residual, the mount induced deflections must be very small thus, making the mount to be
near ideal in its performance.
To enable the free rotation of the mirror about the optical axis in horizontal orientation, the mechanism is
established by a cross roller bearing assembly and designed as explained in Section (3.2.4). Two roller bearings are
proposed for maintaining wobble free rotation about the mirror axis. Since the Primary mirror has a central hole of
350 mm diameter, for its testing, and not have any obstruction for testing the Inner Diameter (ID) of the bearing is
selected as 350mm. For such an ID the nearest commercially available precision bearing was selected. It has inner
and outer housing and cross rollers in between. The outer housing is fixed to the Gimbal plate and the inner housing
connected to the bearing support plate. Thus the inner housing along with bearing support plate shall rotate about
bearing axis which shall also be mirror axis.
Three flexural collets are designed as kinematic supports to support the mirror. When the flexural collets
are in the MFD pockets of the mirror and the linear travel of the collets screw rod makes the collets outer contour to
expand, there by offering frictional forces on the MFD pocket walls. The collets force can be varied as required by
the travel of the rods. The bearing support plate thus shall have three flexural collets rods fixed to it for holding the
mirror at MFD pockets. Once the collets firmly hold the mirror, the mirror, collets and the bearing support plate can
be rotated for different orientation of the mirror. Since the gravity forces make the mirror to deform, it is required
that the rear surface of the mirror must also be kinematically constrained (i.e., with axial degree of freedom
constrained). Thus the bearing support plate also supports 18 Micrometer heads to support the rear surface of the
mirror constraining axially.

Figure 4: Configuration of Bearing support plate Assembly
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3.1.1 Design of Elliptical Collet Assembly
As explained in Section (3.1), the mirror has six MFD pockets at every 60°, out of which only three MFD’s at 120°
apart shall be glued to the mirror for its actual assembly & use of the mirror. However during testing at only mirror
level, in a free-free condition in the Gimbal, MFD‘s are not glued. Further since the mirror cannot be tested with a
sling mount due to its complex geometry, and cannot be tested with Hard V mount due to non availability of
cylindrical outer diameter & lack of stiffness, it is proposed to hold the mirror on the same three MFD’s
kinematically as if MFD's are holding the mirror but without gluing so that Mirror can be easily removed from
Gimbal for repetitive testing during its fabrication. Thus after careful considerations of mirror safety, ease of holding
and ease of removal of the mirror from Gimbal after each test, a collets concept is used. Typically in a conventional
CNC milling machine, the tools are held firmly in collets by frictional forces during machining process. The same
concept was adopted here in the Gimbal assembly.
The rotational movement of the collets screw rod makes the Tapered bushes to move linearly in the collets
ID. Since the Collets ID is also tapered matching to that of the bush, the movement of tapered bushes makes the
collets to expand kinematically. The expansion of the collets outer wall contour makes a frictional grip with inner
walls of MFD holes of the mirror. Since the frictional force must be optimum for not to exert excessive force on
mirror MFD walls and not to be too loose frictional forces for it to slip or tilt the mirror, the range of collets
expansion from its nominal size is optimized. Typically few micron expansions after collets contacting mirror
pockets are adequate for providing optimal frictional firm holding. To increase the compliance of holding, several
flexural slots are provided in the collets as shown in Figure 6.
The collets are designed with Al-2024 material. The tapered nuts and Collets shaft are made of Stainless
Steel. The shaft other end is fixed to bearing support plate as explained in Section (3.1) with a Knob for rotation.
Thus rotation of collets rod knob makes the tapered nuts linearly move to enforce the collets outer walls to expand
and provide frictional force on the MFD pocket walls. Also since the bearing support plate is rotatable, the collets
also rotate along with the mirror.

Figure 5: LTWT Annular mirror & collets assembly in (a) 0º Orientation and (a) 90º Orientation
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Figure 6: Configuration of Elliptical Collet Assembly
3.1.2 Design of Bearing Support Plate
The bearing support plate is made of Al-6061 and shall be machined accurately for parallelism. It is also light
weighted with large circular pockets for approaching the Collets knobs and micrometer head knobs. They also serve
to record the micrometer readings.

Figure 7: Geometric model of Bearing Support Plate
3.2 Design of Gimbal Plate Assembly
The Gimbal plate assembly as shown in Figure 8 is the main critical assembly of the Gimbal. It consists of two sub
assemblies viz., Bearing assembly, Swivel rod assembly. Other than the two above assemblies it also consists,
Gimbal rods, bearing support plate spacer and safety flexures. Two Gimbal rods are fixed to the plate, one on either
side. They are very sturdy and ground rods projecting out of the plate for kinematic positioning of the plate in the
"V" blocks of the frame as explained in Section (3.3.2). These two rods in "V" blocks together form X-axis of the
Gimbal when the both "V" blocks are co aligned. Since they are positioned in "V" blocks, the whole plate assembly
can be rotated about the X axis freely. Since mounting of the mirror in the Gimbal has to be carried out always with
mirror axis in horizontal direction i.e., mirror kept in a vertical plane, the Gimbal plate assembly also need to be
rotated about X axis so that the plate and mirror are parallel and vertical. When both are made vertical, and mirror is
made concentric to Gimbal axis, and the orientation of the MFD pockets are co-aligned with respect to collets, the
mirror can be slowly lowered on to the Gimbal plate. To ensure such loading and unloading, the plate is designed for
rotation about X axis (First rotation axis).
Since the "V" block positions on the Gimbal frame are adjustable as explained in Section (3.3), the X axis
tilts about Y-axis. The Swivel rod assembly is fixed to the Gimbal plate assembly at the bottom of the plate with a
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threaded nut as shown in Figure 6.13. The swivel Rod axis after fixing to the plate forms the Y-axis of the Plate. The
swivel rod goes into a spherical bearing fixed in Gimbal frame.
By fixing the Swivel rod assembly in the Gimbal plate, linear movement is developed so that it can be
easily positioned in the spherical bearing. When the swivel rod is fully disengaged from the spherical bearing, the
Gimbal Plate is now fully free except that the Gimbal rods are in the "V" blocks so that the Gimbal plate is rotatable
about X axis. Rotation movement range about X-axis is taken as ± 90° from its vertical position. When the Swivel
rod is fully engaged in the spherical bearing of the frame, the Gimbal plate is in vertical position. Since it is engaged
in spherical bearing, it is rotatable about Y-axis ( Second rotational axis ).
The Gimbal plate assembly also consists of the central bearing assembly for rotation of the mirror about its
Z-axis (Third rotational axis). Since the mirror is required to be rotated for full 360° (or ± 180°), the bearing
assembly is evolved with two sets of cross roller bearings. Two cross roller bearings are concentrically assembled in
the bearing assembly. The outer Housing is fixed to the Gimbal plate. The inner Housing is fixed to bearing plate as
shown in Figure 8. There is a spacer between inner Housing and bearing plate to accommodate collets and
micrometer heads to rotate along with the bearing plate. Front side of the Gimbal plate, the bearing support plate
assembly is connected. On the rear side of the Gimbal plate, a counter weight is put such that the mirror weight plus
the bearing assembly weight is balanced such that the final CG of the overall assembly is along XY plane.

Figure 8: Configuration of Gimbal Plate Assembly
3.2.1 Design of Gimbal Plate
The Gimbal plate is also made of Al-6061 and accurately machined to be parallel. It is also light weighted
by creating large circular holes. These holes are also useful to approach Collets knobs and micrometer head knobs.

Figure 9: Geometric model of Gimbal Plate
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3.2.2 Design of Safety Flexure
The safety flexure is to retain the mirror axially. It does not apply any force on the mirror axially. It is just a
safety lock for mirror to not fall from the assembly.

Figure 10: Geometric model of Safety Flexure
3.2.3 Design of Gimbal Rod
The Gimbal rods as explained in Section (3.2) are made of SS 304. They are fixed to the Gimbal plate by
bolt mechanism. The plate goes into the slot provided in the rods and then are bolted. The plate and rods become a
single rigid stand alone assembly which can be positioned in the "V" blocks of the Gimbal frame. Both left hand
side rod and right hand side rod form X-X axis of the Gimbal which parallel to the Gimbal bottom plane (resting
plane).

Figure 11: Geometric model of Gimbal rod
3.2.4 Design of Cross Roller Bearing Assembly
As mentioned in Section (3.1.1), the cross roller assembly is evolved using two cross rollers to establish a wobble
free rotation for the mirror optical axis. The outer race of the cross rollers are coupled to outer housing with outer
presser flanges, similarly the inner races of the bearings are retained with inner presser flanges. The outer housing is
connected to the Gimbal plate and the inner housing is connected to the bearing spacer with in turn connected to the
bearing plate. This will ensure rigidity to the bearing overall assembly and the collets assembly.

Figure 12: Configuration of Cross roller bearing Assembly
3.2.5 Design of Gimbal Swivel Shaft Assembly
The swivel shaft assembly is already briefed in Section (3.2). The enclosure plate of the Swivel shaft is fixed to the
Gimbal plate. Rod axis forms the Y-axis of the Plate. It is threaded rod and can be fully removed or fully tightened.
When fully released it disengages the Gimbal plate from the frame. When fully tightened, it engages Gimbal plate
with the frame.
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Figure 13: Configuration of Gimbal swivel shaft assembly
3.3 Design of Gimbal Frame Assembly
The Gimbal frame assembly is a welded frame assembly with Stainless Steel "U" channels. To bring stiffness in all
degree of freedom, additional stiffener channels are welded. Each member is pre-machined to given dimensional
accuracies, and are welded. After welding, it is stress relieved. Then final machining is carried out so that it is stable,
sturdy and rigid. To swivel the Gimbal plate about Y-axis two linear X-Y translator assemblies are fixed on the
frame. Two "V" block mounts are fixed on translator mounts one mount per assembly. The Gimbal frame assembly
is as given in Figure 14.

Figure 14: Configuration of Gimbal frame Assembly
3.3.1 Design of Gimbal Frame

Figure 15: Geometric model of Gimbal frame
3.3.2 Design of Gimbal Rod "V" Block Mount Assembly
The "V" block mounts are designed such that V block is freely rotatable about the axis perpendicular to the base.
The Geometric model of Gimbal rod (V) mount assembly is as given in Figure 16.

Pradeep Kumar K V, Dr. Maruthi B H, Krishnamurthy T

26

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Vol.1 Issue.4,August
2013. Pgs: 16-36

Figure 16: Geometric model of Gimbal rod (V) mounts Assembly
3.3.3 Design of X-Y Translator Assembly
The X-Y translators are readily available and selected with rail length 200 mm, linear guide unit along with bearing
unit (Fixed side) and Ball screw unit. The travel range is selected based on the Rotation of Gimbal plate about Yaxis. If the position of both the "V" blocks is same and exactly at middle of the stage, then the Gimbal plate will be
in vertical direction. If both "V" blocks move (by translator stage movement) in the same direction then they
produce movement about X-axis. Thus ± travel from mid position of the stage is required to provide ± rotational
movement about X-X axis. If the V blocks move in opposite directions to each other, then the plate will swivel
about its Y-axis.

Figure 17: Geometric model of X-Y Translator Assembly
3.3.4 Design of Swivel Mount Assembly
The swivel mount is fixed to the frame. It has a central spherical bearing to swivel freely with reference to fixed
outer ring with mass of 0.16 Kg.

Figure 18: Configuration of Swivel mount Assembly
3.4 Overall Gimbal Mirror Mount Assembly
When all the parts, sub assemblies are integrated, the required Gimbal assembly shall be configured. Since three
rotational axes Degrees Of Freedom (DOF) are required, it is configured to provide 3 rotational DOF constraining
three linear DOF.
1) The movement of "V" blocks in same direction will provide rotation about X-axis.
2) Movement of "V" blocks in opposite direction will provide rotation about Y-axis.
3) Rotation of Cross roller bearing assembly in the Gimbal plate will provide rotation about Z-axis.
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Figure 19: Cross Sectional view of Overall Gimbal Mirror mount Assembly

Figure 20: Overall 3-Axis Gimbal Mirror Mount Assembly
4. Finite Element Analysis
4.1 Mechanical Properties
Table 1: Mechanical properties of the materials used

Sl.No.

Material Name

Elastic
Modulus
(N/mm2)

1
2
3
4
5

Al 2024
Al 6061
SS 304
Delrin 2700
Zerodur

71,000
69,000
190,000
2900
90,600

Poisson’s
Ratio

Material
Density
(Tonnes/mm3)

Thermal
Expansion
Co-efficient
(mm/mm °K)

0.33
0.33
0.305
0.30
0.24

2.77E-09
2.7E-09
8E-09
1.41E-09
2.53E-09

22.9E-06
24E-06
17.3E-06
4E-06
5E-08
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4.2 Acceptance Criteria
1) In all the FEM analysis exercises the performance is evaluated in terms of front surface deflections, Overall
RMS Values of the deformations and MYS.
2) Front surface deflections for primary Mirror testing on Gimbal mount at 0º and 90º orientations for 1"g"
load perpendicular to optical axis (Y-axis) the overall RMS: < 13 nm (≈ λ / 50 ) (λ = 632.8 nm) by design.
3) Micro Yield stress < 5 MPa (Permanent loading); <10 MPa (Temporary Loading).
4.3 FE Analysis of 1200 mm Actual LTWT Annular Mirror
The 1200 mm Actual LTWT Annular Mirror is modelled using hexahedral elements (CHEXA 8 of MSC/
PATRAN).
4.3.1 FE Model Description
Table 2: FE Model Description of 1200 mm LTWT Annular Mirror
Element Type
CHEXA 8

Total Mass
81.59 Kg

No. of Elements
316056

No. of Nodes
364425

4.3.2 Load Case (LC) and Boundary Conditions (BC's)
•

1g (gravity) perpendiculars to Optical axis (Y-axis) with 3 MFD’s 120º apart at the rear of the mirror are
constrained.

Figure 21: LTWT Annular Mirror at 0° orientation with loads and BC
(3 MFD's fixed and 1g load in Y-direction)

4.3.3 Analysis & Results
FE Analysis of the mirror is carried out for the above BC's & LC's. The front surface deformations are captured as
shown in Figure 22.
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Figure 22: Deformed shape of front surface of the LTWT Annular Mirror at 0° orientation for Load case 1g_Y
4.4 FE Analysis of the Gimbal Frame Assembly
The Gimbal frame assembly is modelled using hexahedral elements (CHEXA 8 of MSC/ PATRAN). To
simulate the stability in terms of deflections of the frame when the mirror and other parts of the Gimbal assembly
are interfaced, FEA of the Gimbal frame is carried out. Since the overall weight of the Gimbal plate assembly is
finally transferred on to the "V" blocks of the frame, the force load is applied on the "V" blocks.

Figure 23: FE model of the Gimbal Frame assembly
4.4.1 FE Model Description
Table 3: FE Model Description of Gimbal Frame assembly
Element Type
CHEXA 8

Total Mass
95.28 Kg

No. of Elements
33778

No. of Nodes
52878

4.4.2 Load Case (LC) and Boundary Conditions (BC's)
The base of the Gimbal Frame is base fixed at 10 holes with six DOF and the following load cases is analyzed
• 1g (gravity) perpendicular to Optical axis (Y-axis)
• Force equivalent to weight of the Gimbal & Mirror assembly (F = 290 N at 5 nodes each of V Mount)
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4.4.3 Analysis & Results

Figure 24: Deformed shape of the Gimbal Frame assembly for Load case 1g_Y in X direction

Figure 25: Deformed shape of the Gimbal Frame assembly for Load case 1g_Y in Y direction
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Figure 26: Deformed shape of the Gimbal Frame assembly for Load case 1g_Y in Z direction

Figure 27: Deformed shape of the Gimbal Frame assembly for Load case F = 290 N in X direction
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Figure 28: Deformed shape of the Gimbal Frame assembly for Load case F = 290 N in Y direction

Figure 29: Deformed shape of the Gimbal Frame assembly for Load case F = 290 N in Z direction
The Gimbal frame deformations are very small of the order of 0.5 to less than 10 microns. These
deformations would not induce any load on to the mirror as load transfer effects are minimum due to Gimbal is
placed on the frame assembly "V" blocks.
5 Mirror Performance for Vertical Testing
5.1 Simulation of Optical Surface Deformations due Self Weight
As explained in Section 3, the performance of an optical mirror depends on support condition of the mirror
during testing. The self-weight (gravity) induced deflections of the surface must be accurately predicted and
evaluated in terms of Zernike Coefficients. To predict the surface deformations accurately for different support and
loading conditions, detailed Finite Element Method (FEM) analysis is carried out for the mirror.
5.2 Computation of Zernike Coefficients
For computation of Zernike coefficients, as per the programs developed, we require X, Y co-ordinates of
each grid point of optical surface under test and deformations along optical axis of the mirror i.e., Z axis of the
mirror due to corresponding loading / test conditions. Thus, the data points X, Y, ∆Z in Cartesian co-ordinates saved
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as *.xls files are required. To meet this requirement, the deformation of optical surface obtained from FEM analysis
(NASTRAN output) is saved as *.rpt (a report file containing X, Y, Z, ∆X, ∆Y, ∆Z) file and is converted into *.xls
file format by keeping X, Y, ∆Z as the required data points to be used in the MATLAB program to compute the
Zernike coefficients.
5.3 Calculation of Overall Wavefront RMS
Table 4: Overall RMS determination of Actual LTWT annular mirror with 3 MFD’s BC
ABERRATION
NAME

CONVERSION
FACTOR

OBTAINED
ZERNIKE

OBTAINED
RMS

SQUARE
OF
OBTAINED RMS

Piston

1

0

0

0

Tilt x

1/2

0

0

0

Tilt y

1/2

0

0

0

Focus

1/√3

0

0

0

Astig x

1/√6

0.018191401

0.007426608

5.51545E-05

Astig y

1/√6

-6.96354E-06

-2.84285E-06

8.08181E-12

Coma x

1/√8

-9.23229E-06

-3.26411E-06

1.06544E-11

Coma y

1/√8

0.00962845

0.003404171

1.15884E-05

Pri spherical

1/√5

1.46381E-05

6.54638E-06

4.28551E-11

Trefoil x

1/√8

-3.37235E-05

-1.19231E-05

1.42159E-10

Trefoil y

1/√8

-1.41275E-05

-4.99484E-06

2.49484E-11

Sec.astig x

1/√10

-0.028145434

-0.008900368

7.92165E-05

Sec.astig y

1/√10

1.68959E-05

5.34297E-06

2.85473E-11

Sec.com x

1/√12

3.03269E-05

8.75463E-06

7.66435E-11

Sec.com y

1/√12

0.00634777

0.001832443

3.35785E-06

Sec. spherical

1/√7

-9.60141E-06

-3.62899E-06

1.31696E-11

Tetra foil x

1/√10

0.040542735

0.012820738

0.000164371

Tetra foil y

1/√10

2.77183E-05

8.7653E-06

7.68304E-11

sec.trefoil x

1/√12

5.52217E-05

1.59411E-05

2.5412E-10

sec.trefoil y

1/√12

-1.24635E-05

-3.59792E-06

1.2945E-11

Terit.astig x

1/√14

0.001526372

0.00040794

1.66415E-07

Terit.astig y

1/√14

7.54892E-06

2.01753E-06

4.07045E-12

Pentafoil x

1/√12

-2.26053E-05

-5.65133E-06

3.19376E-11

Pentafoil y

1/√12

0.003402821

0.000850705

7.23699E-07

Sec tetrafoil x

1/√14

0.013064238

0.003491564

1.2191E-05

Sec tetrafoil y

1/√14

-4.75098E-06

-1.26975E-06

1.61228E-12

Hexafoil x

1/√14

4.73456E-05

1.26536E-05

1.60115E-10

Hexafoil y

1/√14

2.6538E-05

0.0

5.03046E-11
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9.64976E-11

Overall RMS (2-29 terms)

0.0180768

λ/55.3

RMS (5-29 terms)

0.0180768

λ/55.3

6 Conclusions
The large size LTWT mirror with its optical axis in horizontal configuration is studied for gravity
deflections. As an ideal case the collets contact nodes of the mirror are grouped as MPC's and constrained. The
overall deflections of the mirror front surface are λ/55.3 which meets the requirements. The designed Gimbal
support systems provide three rotational freedoms for accurate positioning and pointing of the mirror in its test set
up. Out of three axes, two axes are for Tilt of mirror about X & Y axes (typically less than ± 4°), for alignment
purposes. The other axis was for 360º rotations about its optical axis (Z-axis) for validating the surface figure at
every 60º interval and to compute the expected Zero gravity performance. The semi-kinematic mount for holding the
mirror with three collets and the collets linked to three axes Gimbal is conceived for strain free mounting of the
mirror. The collets will decouple the frictional forces to be transferred on to the mirror. By simulation, it concluded
that, designed Gimbal mount is not producing any strain/stress on the mirror. Thus the three axes Collets Gimbal
mount is an innovative customized design which is compatible specifically for given geometry of LTWT mirror.
The design of all parts of the Gimbal is carried out.

7 Scopes for Future Work
Since rotations are involved, the mount needs to be validated against Motion analysis both as a Rigid and
Flexible body. Sensitivity analysis also needs to be carried out. Gimbal plate weight optimization is also required if
weight of the overall system is a requirement. The FE analysis is based on static analysis and needs to be validated
by rigid body Dynamics Analysis where all bearing and moving parts are modelled and simulated as kinematic
motions. The residual bending moment loads and the effect of such loads on the front surface need to be evaluated.
With above studies completed, the same can be fabricated for testing with actual mirror which is under fabrication.
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