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Abstract: As a space camera works in orbit, the stress rebound caused by gravity inevitably results in
the deformation of its optomechanical structure, and the relative position change between different
optical components will affect the Line-Of-Sight pointing of the camera. In this paper, the optical
sensitivity calculation of a space camera’s Line-Of-Sight pointing is realized based on the optome-
chanical constraint equations, and the Line-Of-Sight equations are constructed using the second
type of response (DRESP2) method to realize an optomechanical integrated analysis of the camera’s
Line-Of-Sight stability at the structural finite element solver level. The verification results show that
the Line-Of-Sight stability error is 6.38%, meaning that this method can identify the sensitive optical
elements of the optical system efficiently and quickly. Thus, the method in this paper has important
significance as a reference for the analysis of the Line-Of-Sight stability of complex optical systems.

Keywords: space camera; Line-Of-Sight stability; the optomechanical constraint equations;
integrated analysis

1. Introduction

From development to on-orbit operation, space cameras need to go through various
environments, such as the laboratory, transportation, launch, and orbit. The pointing
accuracy of the Line-Of-Sight of a space camera system will be affected by many complex
environmental factors [1]. High-precision analysis and the design of Line-Of-Sight pointing
are key technologies that need our full attention and in-depth research.

The traditional optomechanical system usually adopts the iterative design method of
Line-Of-Sight pointing recalculation after the completion of component design [2], which
cannot create a balanced impact assessment of optical, mechanical, thermal, and other
factors [3]. At present, the mainstream method to ensure the Line-Of-Sight pointing of
a space camera domestically and abroad is to use the integrated comprehensive design
of a star sensor and camera [4,5], integrated optomechanical analysis technology that
can also be used for simulation research. In addition, the integrated optomechanical
analysis of Line-Of-Sight stability is mostly based on the optical sensitivity coefficient
matrix generated by optical design software and the rigid body motions calculated by
finite element calculation [6,7]. There are few studies on the theoretical calculation method
of optical sensitivity coefficients. Therefore, an optical sensitivity coefficient calculation
method based on the optomechanical constraint equations is proposed to analyze the
stability of the visual axis, which has an important role in helping mechanical engineers
understand the optical properties of the designed products and how to improve them.

This paper takes the off-axis three-mirror optical system of a space camera as an exam-
ple. A structural finite element solver-level integrated optomechanical analysis method
based on the theory of the optomechanical constraint equations is proposed to study the
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influence of mechanical loading on the Line-Of-Sight stability of the space camera, which
can be used to understand the complex environment surrounding the camera and locate
the sensitive optical elements that can be used to improve the design of its optomechani-
cal system.

2. The Optomechanical Constraint Equations

Through the joint derivation of first-order optical theories such as the Gaussian imag-
ing formula, paraxial imaging principle, magnification ratio formula, and geometric re-
lations, the functional relationship between the change in the image’s position and size
and the change caused by the movement of optical elements is established, which is the
optomechanical influence function [8,9]. According to the linear part of the optomechanical
influence function, the coefficient matrix of the influence functions about each optical
element can be obtained.

The matrix of the optomechanical influence coefficients for the curved mirror under
study is shown in Table 1 [10]. For example, the X-direction motion of the image is a
function of the X-direction motion of the object (Txo), the Y-direction motion of the object
(Tyo), the relative angle θ, and the magnification M, which can be expressed as

Txi = −M cos θTxo + M sin θTyo (1)

Table 1. The matrix of optomechanical influence coefficients for the curved mirror.

Displacements
Image Motions

Txi Tyi Tzi Rxi Ryi Rzi ∆M/M

Object

Txo −Mcosθ Msinθ
Tyo Msinθ Mcosθ
Tzo M2 M/f
Rxo Mcosθ −Msinθ
Ryo −Msinθ −Mcosθ
Rzo −1.0
∆f

Mirror

Txm −(1 − M)
Tym 1 − M
Tzm −(1 − M)2 −M/f
Rxm 2s′ −(1 + M)
Rym −2s′ 1 + M
Rzm
∆f −(M − 1)2 (1 − M)/f

The same equation will apply to the rotation of an optical element about an axis. the
rotation of an optical element about the X-axis is Rxo.

Where M is the magnification at which the curved mirror works. The relative angle θ
is a rotation angle, which can make the optical axis turn out of its plane, which is where the
object is rotated about its own Z-axis, thus turning the object’s X-axis into its Y-axis. The
image distance s′ is the distance from the imaging point to the vertex of the mirror. The
focal length f is the distance from the vertex of the mirror to the focal point.

The optomechanical constraint equations are used to study the change in image
position and size caused by the subtle motion of optical elements in the system-level state.
Changes in the position and focal length of each optical element (Txo, Tyo, Tzo, Rxo, Ryo,
Rzo, ∆f ) will cause changes in the position and the size of the image point about the optical
system (Txi, Tyi, Tzi, Rxi, Ryi, Rzi, ∆M/M) in six degrees of freedom, thus forming seven
equations [9] (pp. 41–53).

The establishment of the optomechanical constraint equations involves convoluting
the optical influence coefficients from the optical element being analyzed to the detector to
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obtain the latter’s corresponding variables (the position variable and the size variable of
the image). For the change in image size ∆M/M, the optical influence coefficients of the
optical elements are convoluted and superimposed.

The specific steps used to establish the optomechanical constraint equations of the
optical system are as follows: Firstly, the lens data of the optical system are obtained by
using the optical design software. Secondly, according to the Gaussian imaging formula
and the definition difference between the optical coordinate system and the mechanical
coordinate system, the lens data are converted into the Gaussian data. Then, the influence
coefficient matrix of each optical element is calculated by using the Gaussian data. Finally,
the optomechanical constraint equations of each optical element are calculated using
a special convoluted form of the optical influence coefficients. In order to realize the
optomechanical integration analysis of the finite element solver level, a mathematical
calculation code is written based on the theory of the optomechanical constraint equations.

The off-axis three-mirror optical system consists of an object at infinity, three mirrors,
and a detector in Figure 1. The system’s image at the detector can be considered as the
sequential product of each of the elements in the system. According to the optical influence
coefficients of every element, including the detector, the optomechanical constraint equa-
tions of each mirror can be calculated. If this system’s mirror moves in the X-direction, Tx1,
the system’s image also moves in its X-direction, Txi. For example, when the relative angle
θ is 0 rad, the optomechanical constraint equations of the primary mirror are as follows:

Txi = Tx1(−(1 − M1))(−M2 cos θ2)(M3 cos θ3)(1.0) (2)

Tyi = Ty1(1 − M1)(M2 cos θ2)(M3 cos θ3)(1.0) (3)

Tzi = Tz1

(
−(1 + M1)

2
)(

M2
2

)(
M3

3

)
(1.0) (4)

Tzi = Tz1

(
−(1 + M1)

2
)(

M2
2

)(
M3

3

)
(1.0) (5)

Rxi = Rx1(−(1 + M1))(M2 cos θ2)(M3 cos θ3)(1.0) (6)

Ryi = Ry1(1 + M1)(−M2 cos θ2)(−M3 cos θ3)(1.0) (7)

Rzi = Rz1(0.0)(−1.0)(−1.0)(1.0) (8)

Tyi = Rx1
(
2s′

)
(M3 cos θ2)(M3 cos θ3)(1.0) (9)

Txi = Ry1
(
−2s′

)
(−M2 cos θ2)(−M3 cos θ3)(1.0) (10)

Tzi = ∆ f1

(
−(1 − M1)

2
)(

M2
2

)(
M2

3

)
(1.0) (11)

∆M1/M1 = Tz1

[
(−M1/ f1)− (1 + M1)

2(M2/ f2)− (1 + M1)
2
(

M2
2

)
(M3/ f3)

]
(1.0) (12)

∆M1/M1 = ∆ f1

[
((1 − M1)/ f1)− (1 − M1)

2(M2/ f2)− (1 − M1)
2
(

M2
2

)
(M3/ f3)

]
(1.0) (13)
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Figure 1. A simple example of an off-axis triplex optical system.

3. Space Camera System Modeling
3.1. Optical Model

As shown in Figure 2, the large-field-of-view space camera uses an off-axis three-
mirror astigmatic Cook-TMA optical system. In order to correct the wavefront aberration
and distortion of the system, the primary mirror (M1) and the tertiary mirror (M3) adopt
a high-order aspheric surface, and the secondary mirror (M2) adopts a quadric surface.
Furthermore, the folded mirror (M4) is a plane mirror with a folding optical path, and the
focal plane (FP) is the position of the detector.
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Figure 2. The optical model diagram of an off-axis three-mirror optical system.

3.2. Finite Element Model

As shown in Figure 3, the main bearing structure of the camera is mainly composed of
the front frame, the back frame, and rods, which are all made of carbon fiber material. Each
mirror is installed on the front/back frames of the main bearing structure through a thermal
adaptive support structure. The carbon fiber front/back frames adopt a shell element with
composite layup properties, the carbon fiber rods adopt a beam element with composite
equivalent properties, and the rest of the structure adopts isotropic solid elements. In
order to verify the influence of the gravity loading condition on the system’s Line-Of-Sight
pointing, three gravity loading conditions in the direction of the optical system coordinate
system were analyzed.
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Figure 3. The finite element model diagram of an off-axis three-mirror optical system.

4. Integrated Optomechanical Analysis of Line-Of-Sight

The analysis of Line-Of-Sight pointing errors involves many fields, such as optics,
mechanics, and thermology, and it is necessary to adopt appropriate methods to establish
the data transmission channels between each field [11,12]. Figure 4 shows the process of
the integrated optomechanical analysis of Line-Of-Sight pointing.
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Figure 4. Flow chart of the integrated optomechanical analysis of Line-Of-Sight pointing.

The structural finite element model of the space camera is established according to its
optical system and initial structure. The optical sensitivity coefficients of the space camera
are calculated according to the theory of the optomechanical constraint equations. The
second type of response (DRESP2) of the Line-Of-Sight pointing to the rigid body displace-
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ment of each optical element is established. The model solution, rigid body displacement
calculation, and Line-Of-Sight pointing calculation are contained within the finite element
solver. The determination of whether to adjust the structural model or the structural finite
element model can be made according to whether the Line-Of-Sight pointing result meets
the tolerance requirements of the optical system.

4.1. Establishment and Verification of Line-Of-Sight Equations

If the perturbations are small, the higher-order optical sensitivity impacting the wave-
front aberration and Line-Of-Sight pointing of the optical model is negligible, so the optical
elements can be assumed to be rigid bodies. Based on the matrix of optical sensitivity
coefficients and the rigid body displacements [13,14], the linear optical model can be
expressed as

Model = ∑
(

Sk
i ·Dk

i

)
(14)

where k is the optical system component number. i is the number of degrees of freedom. Sk
i

is the optical sensitivity coefficient of optical element k in the direction of the i-th degree
of freedom. Dk

i is rigid body displacement of optical element k in the direction of the i-th
degree of freedom.

The matrix of the optical sensitivity coefficients about the Line-Of-Sight pointing to
the motion of each optical element in the image space is obtained by the optomechanical
constraint equations, as shown in Table 2. Here, ∆x is the motion of the optical system
image along the X-axis; ∆y is the motion of the optical system image along the Y-axis; Mi∆x,
Mi∆y, Mi∆z are the translation of the optical element i in three directions; Mi∆α, Mi∆β,
Mi∆γ are the rotation of optical element i in three directions. i is mainly used to distinguish
between optical elements.

Table 2. The matrix of optical sensitivity coefficients calculated using the optomechanical
constraint equations.

Rigid Body Motion Mi∆x Mi∆y Mi∆z Mi∆α Mi∆β Mi∆γ

Primary mirror
∆x 1.4079 0.0000 0.0000 0.0000 −10,100.0000 0.0000

∆y 0.0000 1.4079 0.0000 10,100.0000 0.0000 0.0000

Secondary mirror
∆x −1.8096 0.0000 0.0000 0.0000 5172.2050 0.0000

∆y 0.0000 −1.8096 0.0000 −5172.2050 0.0000 0.0000

Tertiary mirror
∆x 1.4017 0.0000 0.0000 0.0000 −6578.0540 0.0000

∆y 0.0000 1.4017 0.0000 6578.0540 0.0000 0.0000

Folded mirror
∆x 0.0000 0.0000 0.0000 0.0000 3178.0540 0.0000

∆y 0.0000 0.0000 0.0000 −3178.0540 0.0000 0.0000

Image surface
∆x −1.0000 0.0000 0.0000 0.0000 0.0000 0.0000

∆y 0.0000 −1.0000 0.0000 0.0000 0.0000 0.0000

In the traditional analysis process, the calculation method of the optical sensitivity
coefficients includes the addition of a small perturbation to the mirror along or around the
axis of the coordinate system in the optical software and then the division of the software’s
image movement output by the perturbation input to obtain the optical sensitivity coeffi-
cients [15]. This method is complicated and cannot directly obtain the optical sensitivity
coefficient. Table 3 shows the matrix of optical sensitivity coefficients obtained using the
above method.
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Table 3. The matrix of optical sensitivity coefficients calculated by traditional method.

Rigid Body Motion Mi∆x Mi∆y Mi∆z Mi∆α Mi∆β Mi∆γ

Primary mirror
∆x 1.3994 0.0000 0.0000 0.0000 −10,058.1835 0.0000

∆y 0.0000 1.4015 0.2312 10,112.4165 0.0000 0.0000

Secondary mirror
∆x −1.7917 0.0000 0.0000 0.0000 5118.2408 0.0000

∆y 0.0000 −1.8008 −0.1655 −5147.0764 0.0000 0.0000

Tertiary mirror
∆x 1.3912 0.0000 0.0000 0.0000 −6533.8576 0.0000

∆y 0.0000 1.3988 −0.0245 6578.8691 0.0000 0.0000

Folded mirror
∆x 0.0000 0.0000 0.0000 0.0000 3131.5357 0.0000

∆y 0.0000 0.0000 −0.1869 −3214.7016 0.0000 0.0000

Image surface
∆x −1.0000 0.0000 0.0000 0.0000 0.0000 421.3812

∆y 0.0000 −1.0000 0.0412 17.3506 0.0000 0.0000

The comparison of the data in Tables 2 and 3 shows that the results are similar, which
verifies the feasibility of calculating optical sensitivity coefficients using the theory of
the optomechanical constraint equations. The matrix of optical sensitivity coefficients
is calculated using the principle of optical imaging formula and geometric relationship
and contains linear theoretical values. The traditional analysis method is based on the
calculation of the output results of the optical software, and the image motion will be
affected by nonlinear factors.

4.2. Static Analysis and Verification of Line-Of-Sight Stability

A single radial Line-Of-Sight error term may be calculated by vector summing the
two image motion terms ∆x and ∆y, as illustrated in Figure 5. This method may be used to
combine static error terms (i.e., pointing errors).
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The feasibility of using the optomechanical constraint equations to calculate the optical
sensitivity coefficients is verified in Section 4.1. The Line-Of-Sight equations [16,17] are
established by the finite element solver card DRESP2 to conduct the Line-Of-Sight stability
analysis. The response results are shown in Table 4:

Table 4. Line-Of-Sight errors under gravity loading conditions analyzed using finite element solver.

Loading Condition ∆x (mm) ∆y (mm) ∆r (mm)

Gravity load in X-direction 0.59962713 −0.00064788 0.59962748
Gravity load in Y-direction 0.00150192 −0.13514255 0.13515090
Gravity load in Z-direction 0.00160936 0.17490087 0.17490827

The traditional method is to calculate the optical sensitivity coefficient of the optical
system according to the output of the optical design software and then construct the LOS
equation to calculate the Line-of-Sight error. The response results of the Line-Of-Sight
stability analysis of the space camera under gravity loading conditions calculated using the
traditional analysis method are shown in Table 5.
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Table 5. Line-Of-Sight errors under gravity loading conditions analyzed using traditional method.

Loading Condition ∆x (mm) ∆y (mm) ∆r (mm)

Gravity load in X-direction 0.59828443 −0.00068917 0.59828483
Gravity load in Y-direction 0.00141181 −0.13452048 0.13452788
Gravity load in Z-direction 0.00156674 0.17222897 0.17223610

The comparison of the data in Tables 4 and 5 shows that the Line-Of-Sight errors
under gravity loading conditions in the X-, Y-, and Z-direction are approximately the same,
and the Line-Of-Sight error under the gravity condition in the X-direction is larger. The
main reasons for the slight differences between the two methods are as follows: (1) The
methods used to calculate the optical sensitivity coefficients are different, resulting in
a slight difference in the calculation results. (2) There are differences between the two
methods used to calculate rigid body motions [18,19].

The optical element that contributes the most to the Line-Of-Sight error can be deter-
mined by analyzing the translational error components and the rotational error components
generated by each optical element in the image space. Figures 6 and 7 contain drawings of
the translation and rotation components of the Line-Of-Sight error for each optical element
examined under gravity loading conditions in three directions. From Figure 6, it can be seen
that the translational error of the secondary mirror under the X-direction and Y-direction
gravity loading conditions, respectively, contributes significantly to the Line-Of-Sight er-
ror. From Figure 7, the rotation error of the secondary mirror around the Y-axis under
the X-direction gravity loading condition contributes significantly to the Line-Of-Sight
error, and the rotation error of the folding mirror around the X-axis under the Z-direction
gravity loading condition also contributes significantly to the Line-Of-Sight error. It can be
determined that the secondary mirror is the optical element that contributes the most to the
Line-Of-Sight error, which provides a reference for the subsequent structural optimization
and assembly of these space cameras.
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In Figures 6 and 7, the static LOS error components of each optical element are
displayed under different gravity loading conditions, which is convenient for analyzing
which are the sensitive optical elements and facilitating the optimization of the system’s
structure. The X-axis represents each optical element of the off-axis three-mirror space
camera (M1, M2, M3, M4, FP). The Y-axis represents the X-direction and Y-direction
translation and rotation (Tx-X, Ty-X, Tx-Y, Ty-Y, Tx-Z, Ty-Z, and so on) of each optical
element under three gravity loading conditions. Tx-X represents the translational motion of
the optical element in the X-direction under the gravity loading condition in the X-direction.
The Z-axis represents the LOS error components.

5. Discussion

The integrated analysis method of Line-Of-Sight stability based on the optomechanical
constraint equations can effectively analyze the sensitive loading environment and the
sensitive optical elements of the space camera. The feasibility and accuracy of this method
are also verified by comparing it with traditional methods. Based on the results, the
following discussion is summarized, and future research is envisaged.

The error of the Line-Of-Sight stability calculation results using this method is less
than 6.38% relative to those obtained from traditional methods.

The optomechanical constraint equations allow optical theory to be applied to struc-
tural models for optomechanical integration. However, the stability analysis of Line-Of-
Sight in the current paper adopts the spherical radius to simulate the effect of the change in
the vertex curvature radius on the mirror node displacement, missing the description of
the linear relationship between the change in the vertex curvature radius and the mirror
node displacement directly. This linear relationship should be considered in later stages for
face shape analysis.

In this paper, DRESP2 is used for integrated Line-Of-Sight stability analysis at the finite
element solver level. To improve evaluation speed, DRESP3 can be utilized to construct
code for optomechanical constraint equations and compute optical sensitivity coefficients
directly into finite element solvers for more rapid and effective evaluation.
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A comprehensive optical, mechanical, and thermal analysis should be performed. For
a more detailed analysis, mechanically and thermally induced changes in Line-Of-Sight
stability will be fully considered in subsequent studies. The methodology of this paper can
also be used for dynamic environmental space camera Line-Of-Sight stability analysis and
optical system structure optimization. Thus, the integration of optomechanical at the level
of linear finite element solvers is closer to real structural analysis.

6. Conclusions

The motions of optical elements caused by gravity will affect the pointing accuracy
of space cameras. In this paper, an off-axis three-mirror optical system is taken as the
research object, and an optomechanical integration method is proposed for assessing
Line-Of-Sight stability based on the optical sensitivity calculation of the optomechanical
constraint equations in the finite element solver level. This method can effectively analyze
the Line-Of-Sight stability of complex optical systems. Through the analysis of the static
characteristics of the space camera, the most sensitive optical element was found to be
the secondary mirror, and the sensitive motion state is its rotation around the Y-axis
of the lens in the X-direction gravity loading condition, its translation along the X-axis
of the lens in the X-direction gravity loading condition, and its translation along the
X-axis of the lens in the Y-direction gravity loading condition. The X-direction gravity
loading condition has the greatest influence on all optical elements. These conclusions are
consistent with the comparative verification results, demonstrating the effectiveness of this
method of analysis. The feedback sensitivity matrix of the Line-Of-Sight stability analysis
method proposed in this paper has significance as a reference for the online evaluation and
topology optimization of the system-level optical performance of space cameras in static and
dynamic environments.
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