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MULTI-MATERIAL MIRROR SYSTEM

RELATED APPLICATION

[0001] This is a divisional application of U.S. application
Ser. No. 15/828,223, filed Nov. 30, 2017, entitled “Multi-
Material Mirror System” which is incorporated by reference
in its entirety herein.

BACKGROUND

[0002] Cassegrain reflector-type imaging systems in
space-based telescopes commonly found on satellites are
susceptible to environmental (e.g., temperature) variations
that can reduce image quality. Mirror systems used in such
imaging systems are therefore designed to reduce sensitivity
to environmental variation. One typical mirror system
design utilizes near-zero coefficient of thermal expansion
(CTE) material for all optics (e.g., ultra-low expansion
(ULE) glass mirrors) and support structures in an optical
system. This design is effectively insensitive to environmen-
tal variation. Another typical mirror system design utilizes
relatively high CTE silicon carbide (SiC) for all optics and
all support structures in an optical system. Although the SiC
material is susceptible to thermal expansion, the uniform
CTE for all components in the system is somewhat effective
in reducing sensitivity to environmental variation when
incorporating thermal compensation and/or active tempera-
ture control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Features and advantages of the invention will be
apparent from the detailed description which follows, taken
in conjunction with the accompanying drawings, which
together illustrate, by way of example, features of the
invention; and, wherein:

[0004] FIG. 1 is an illustration of a mirror system in
accordance with an example of the present disclosure.
[0005] FIG. 2 is an illustration of a negative CTE strut in
accordance with an example of the present disclosure.
[0006] FIGS. 3A and 3B illustrate operation of the nega-
tive CTE strut of FIG. 2 with a positive CTE primary mirror,
in accordance with an example of the present disclosure.
[0007] FIG. 4 is a graph of component temperature and
image quality achievable by a mirror system in accordance
with an example of the present disclosure.

[0008] Reference will now be made to the exemplary
embodiments illustrated, and specific language will be used
herein to describe the same. It will nevertheless be under-
stood that no limitation of the scope of the invention is
thereby intended.

DETAILED DESCRIPTION

[0009] As used herein, the term “substantially” refers to
the complete or nearly complete extent or degree of an
action, characteristic, property, state, structure, item, or
result. For example, an object that is “substantially”
enclosed would mean that the object is either completely
enclosed or nearly completely enclosed. The exact allowable
degree of deviation from absolute completeness may in
some cases depend on the specific context. However, gen-
erally speaking the nearness of completion will be so as to
have the same overall result as if absolute and total comple-
tion were obtained. The use of “substantially” is equally
applicable when used in a negative connotation to refer to

May 7, 2020

the complete or near complete lack of an action, character-
istic, property, state, structure, item, or result.

[0010] As used herein, “adjacent” refers to the proximity
of two structures or elements. Particularly, elements that are
identified as being “adjacent” may be either abutting or
connected. Such elements may also be near or close to each
other without necessarily contacting each other. The exact
degree of proximity may in some cases depend on the
specific context.

[0011] An initial overview of the inventive concepts are
provided below and then specific examples are described in
further detail later. This initial summary is intended to aid
readers in understanding the examples more quickly, but is
not intended to identify key features or essential features of
the examples, nor is it intended to limit the scope of the
claimed subject matter.

[0012] Although mirror system designs incorporating all
near-zero CTE components are effective in eliminating
sensitivity to environmental variations, ULE glass mirrors
are relatively heavy and difficult to produce. The low stift-
ness to weight ratio of ULE glass material results in self-
weight deflection in large ULE glass mirrors (e.g., primary
mirrors in Cassegrain reflector mirror systems), which com-
plicates alignment and testing on the ground. In addition,
mirror system designs incorporating all SiC components,
which is less expensive than ULE glass, but has a relatively
high CTE, requires excellent thermal control to minimize
the effects of environmental variations or a continuous
refocus mechanism to adjust for the effects of such envi-
ronmental variations.

[0013] Accordingly, a mirror system is disclosed that
provides image quality that meets high resolution require-
ments at lower cost than near-zero CTE mirror systems and
with shorter manufacturing schedules, and provides superior
image quality than all SiC mirror systems at nearly the same
cost and manufacturing schedule. In one aspect, the mirror
system can be configured with different CTE at front and
back ends to specifically address the environmental varia-
tions experienced at those locations. The mirror system can
include a primary mirror, and a secondary mirror supported
relative to the primary mirror. The primary mirror and the
secondary mirror can have different CTE.

[0014] A negative CTE strut is also disclosed. The nega-
tive CTE strut can include a main body portion. The negative
CTE strut can also include a first coupling portion and a
second coupling portion disposed opposite one another
about the main body portion and defining a strut length. The
first and second coupling portions can each be configured to
interface with an external structure. In addition, the negative
CTE strut can include an offsetting extension member
having a first end coupled to the main body portion and a
second end coupled to the first coupling portion by an
intermediate extension member. The first end can be
between the first coupling portion and the second end. The
first and second ends can define an offset length parallel to
the strut length. When the negative CTE strut increases in
temperature, the offset length can be configured to increase
due to thermal expansion of the offsetting extension member
sufficient to cause the strut length to decrease.

[0015] To further describe the present technology,
examples are now provided with reference to the figures.
With reference to FIG. 1, one example of a mirror system
100 is schematically illustrated in a side view. The mirror
system 100 can include a support structure 110. The mirror
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system 100 can also include a primary mirror 120 supported
by the support structure 110. In addition, the mirror system
100 can include a secondary mirror 130 supported by the
support structure 110. In some examples, the primary mirror
120 and the secondary mirror 130 form a Cassegrain reflec-
tor, which may be used in optical telescopes (e.g., high
resolution imaging systems) and radio antennas.

[0016] The support structure 110 can comprise a metering
structure, which can include a base 111 (e.g., a bench that
forms the structural base of the mirror system 100) coupled
to the primary mirror 120 by one or more primary mirror
struts 112. The support structure 110 can also include one or
more secondary mirror struts 113 extending from the base
111 and coupled to the secondary mirror 130. For example,
the secondary mirror struts 113 can support a secondary
mirror mount 114, which can be coupled to the secondary
mirror 130. A primary mirror assembly 101 can include the
base 111, the primary mirror struts 112, and the primary
mirror 120. A secondary mirror assembly 102 can include
the secondary mirror struts 113, the secondary mirror mount
114, and the secondary mirror 130.

[0017] In a typical space-based application (e.g., one in
which the mirror system is mounted on a satellite), the
mirror system 100 can be subjected to environmental varia-
tions over the course of their orbit of the earth, which result
in thermal transient conditions that can vary for different
parts of the mirror system 100. For example, the mirror
system 100 will typically be mounted to a satellite by the
base 111 at a “back end” 103 of the mirror system 100, with
a “front end” 104 of the mirror system 100 protruding from
the satellite. In this configuration, the relatively large mass
at the back end 103 of the mirror system 100 may be
thermally insulated compared to the relatively small,
exposed mass at the front end 104 of the mirror system 100.
The components at the front end 104 (e.g., the secondary
mirror assembly 102) can therefore experience greater ther-
mal variation that can change the thermal loading on a daily
basis (e.g., day/night, changing inclination of the satellite
relative to the earth (i.e., beta angle of orbit), etc.). As a
result, the components at the back end 103 (e.g., the primary
mirror assembly 101) do not see as much thermal variation
as the components at the front end 104 (e.g., the secondary
mirror assembly 102).

[0018] In one aspect of the present disclosure, the various
components of the mirror system 100 can be selected and
configured to provide suitable CTE for the thermal condi-
tions the components will be subjected to during use. For
example, the primary mirror 120 at the back end 103 can
have a non-zero CTE, and the secondary mirror 130 at the
front end 104 can have a near-zero CTE. As used herein, the
term “near-zero CTE” includes any CTE greater than or
equal to -4.1x107"K™" and less than or equal to 4.1x10~
7K1, The term “non-zero CTE” includes any CTE outside
of this range. More specifically, the primary mirror 120 can
comprise any suitable mirror material having a non-zero
CTE, such as silicon carbide (SiC) (e.g., reaction bonded or
sintered), aluminum, aluminum silicon metal matrix com-
posite, aluminum silicon carbide metal matrix composite,
aluminum beryllium metal matrix composite, beryllium,
fused silica, borosilicate glass, magnesium, etc., in any
combination. On the other hand, the secondary mirror 130
can comprise any suitable mirror material having a near-zero
CTE, such as glass-ceramic (e.g., CLEARCERAM®,
ZEROG™_ ZERODUR®, lithium-aluminosilicate glass-ce-
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ramic), titanic-silicate glass (e.g., ULE®), carbon compos-
ite, etc., in any combination. Thus, the mirror system 100
can utilize primary and secondary mirrors 120, 130 having
dissimilar CTEs, which when utilized as described herein,
specifically address the different environmental variations at
the back and front ends 103, 104 of the mirror system 100.
For example, the near-zero CTE secondary mirror 130 can
reduce defocus sensitivity to bulk temperature changes at the
secondary mirror 130, which is more susceptible to tem-
perature variations due to its location relative to the primary
mirror 120.

[0019] In one aspect, any or all of the components of the
support structure 110 can have a near-zero CTE. For
example, the base 111, the primary mirror struts 112, the
secondary mirror struts 113, and/or the secondary mirror
mount 114 can have a near-zero CTE. The components of
the support structure 110 can comprise any suitable struc-
tural material having a near-zero CTE, such as a composite
material (e.g., carbon composite such as carbon fiber, carbon
nanotubes). For example, the base 111, the secondary mirror
struts 113, and the secondary mirror mount 114 can be made
of carbon fiber. The secondary mirror struts 113 and the
secondary mirror mount 114 can be coupled to one another
by INVAR® mounting hardware 115. Similarly, the second-
ary mirror mount 114 and the secondary mirror 130 can be
coupled to one another by INVAR® mounting hardware
116. Although some non-zero CTE materials may be
included, such as when coupling components to one another,
the total or combined CTE (i.e., of a “chain” of metering
structures) may be within the range specified for near-zero
CTE.

[0020] High thermal conductivity “thermal straps” 117
can be included to thermally couple the secondary mirror
struts 113, the secondary mirror mount 114, and/or the
secondary mirror 130 to one another. Similarly, thermal
straps 118 can be included to thermally couple the primary
mirror struts 112, the primary mirror 120, and/or the base
111 to one another. The thermal straps 117, 118 can ther-
mally “tie” components to one another, such that a tempera-
ture change in one component will rapidly be experienced
by another component to maintain the components at sub-
stantially the same temperature, which can minimize tem-
perature gradients that can negatively impact image quality.
[0021] Because of where the front end 104 of the mirror
system 100 is situated on a satellite, it cannot be actively
temperature controlled. Accordingly, it is advantageous for
the secondary assembly 102 to have a near-zero CTE so that
it is minimally affected by temperature variations. On the
other hand, the back end 103 of the mirror system 100 has
a relatively large mass and is somewhat insulated by the
satellite and, in some examples, may be actively temperature
controlled. Thus, a relatively large potential for thermal
expansion may be tolerable for components at the back end
103 of the mirror system 100. Accordingly, the primary
mirror assembly 101 may have a non-zero CTE. In some
examples, this allows the use of a non-zero CTE material as
the predominant material of the primary mirror 120, which
may be manufactured for lower cost and on shorter sched-
ules than a primary mirror made predominantly of a near-
zero CTE material.

[0022] The primary mirror struts 112 can have any suitable
construction and can be made of any suitable material in
keeping with the invention as described herein. In some
examples, the primary mirror struts 112 can comprise a
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negative CTE, which can be configured to provide thermal
compensation for a non-zero CTE primary mirror 120. This
configuration can be leveraged to match the constant con-
jugate position of a near-zero CTE of the secondary mirror
and the various support components, as shown in FIGS. 3A
and 3B and discussed in more detail below. In other words,
by selecting an appropriate negative CTE for the primary
mirror struts 112, the behavior of the back end 103 (i.e.,
primary mirror end) and the front end 104 (i.e., secondary
mirror end) of the mirror system 100 can be matched for a
given environment, such that the focal point location of each
end remains constant over temperature.

[0023] As shown in FIG. 2, a negative CTE strut 112 can
include a main body portion 140 and first and second
coupling portions 141, 142 disposed opposite one another
about the main body portion 140. The coupling portions 141,
142 can each be configured to interface with an external
structure (e.g., fittings or hardware configured to facilitate
coupling to the primary mirror 120 and the base 111 in FIG.
1) and define a strut length 143. In one aspect, the coupling
portions 141, 142 can include a spherical ball for interfacing
with an external structure to facilitate relative rotation of the
strut 112 and the external structure. In some aspects, the
coupling portions 141, 142 can be configured to facilitate
length adjustment of the strut 112 (e.g., via threaded rods) to
facilitate proper alignment of the primary mirror 120 at
assembly.

[0024] The negative CTE strut 112 can also include an
offsetting extension member or spacer 144 having a first end
145 coupled to the main body portion 140, and a second end
146 coupled to the first coupling portion 141 by an inter-
mediate extension member 147. The first end 145 can be
between the first coupling portion 141 and the second end
146. The first and second ends 145, 146 can define an offset
length 148 parallel to the strut length 143. When the negative
CTE strut 112 increases in temperature, the offset length 148
can be configured to increase due to thermal expansion of
the offsetting extension member 144 sufficient to cause the
strut length 143 to decrease.

[0025] The main body portion 140, the coupling portions
141, 142, and the intermediate extension member 147 can
have any suitable CTE. In some examples, the main body
portion 140, the coupling portion 141, the coupling portion
142, and/or the intermediate extension member 147 can
have a near-zero CTE. The main body portion 140, the
coupling portion 141, the coupling portion 142, and/or the
intermediate extension member 147 can therefore comprise
any suitable structural material having a near-zero CTE,
such as a composite material (e.g., carbon fiber, carbon
nanotubes, etc.). A non-zero CTE material, such as a nickel-
iron alloy (e.g., 64FeNi, such as INVAR®), can be used
selectively such that the total or combined CTE (i.e., of a
“chain” of structures) may be within the range specified for
near-zero CTE, and thereby provide a near-zero CTE for a
given structure or combination of structures. In some
examples, the main body portion 140, the coupling portion
141, the coupling portion 142, and/or the intermediate
extension member 147 can include materials with a non-zero
CTE, such as nitrogen strengthened stainless steel (e.g.,
NITRONIC®). In some examples, the main body portion
140, the coupling portion 141, the coupling portion 142,
and/or the intermediate extension member 147 can have a
non-zero positive CTE. The offsetting extension member
144 can have any suitable non-zero positive CTE (i.e., a
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CTE greater than a near-zero CTE). The offsetting extension
member 144 can therefore comprise any suitable structural
material having a non-zero positive CTE, such as aluminum,
titanium, iron, steel, nickel, beryllium, etc.

[0026] In some embodiments, the negative CTE strut 112
can include an insert 149 coupling the main body portion
140 and the first end 145 of the offsetting extension member
144, The insert 149 can aid in coupling a non-zero positive
CTE offsetting extension member 144 to a near-zero CTE
main body portion 140 by providing a structural buffer
between two dissimilar CTE materials. In some examples,
the insert 149 can comprise a material, such as nickel-iron
alloy (e.g., 64FeNi, such as INVAR®), that is stronger than
the material (e.g., aluminum) of the offsetting extension
member 144 and has a similar CTE to the main body portion
140 (e.g., a composite material) to prevent breakage of the
main body portion 140.

[0027] The main body portion 140, the insert 149, the
offsetting extension member 144, and the intermediate
extension member 147 can be coupled in any suitable
manner, such as utilizing an adhesive, threaded interface
surfaces (e.g., mating threaded surfaces or portions between
the joined components), rivets, welds, etc. In one example,
the insert 149 can be bonded at 150 to the main body portion
140, the first end 145 of the offsetting extension member 144
can be coupled to the insert 149 at 151 with threaded
interface surfaces, and the intermediate extension member
147 can be coupled to the second end 146 of the offsetting
extension member 144 at 152 with threaded interface sur-
faces. Flanges 153-155 of the respective main body portion
140, insert 149, and offsetting extension member 144 can
facilitate coupling of the components and can provide proper
relative positioning of the components at the first end 145 of
the offsetting extension member 144. At the second end 146
of the offsetting extension member 144, the intermediate
extension member 147 can be placed in full contact with a
bottom surface 156 of the offsetting extension member 144.
The flange 155 and the bottom surface 156 of the offsetting
extension member 144 can establish the offset length 148.

[0028] The main body portion 140, the offsetting exten-
sion member 144, and/or the intermediate extension member
147 can each comprise a cylindrical configuration. In some
examples, the main body portion 140, the offsetting exten-
sion member 144, and/or the intermediate extension member
147 can be coaxially aligned along a longitudinal axis 157.
The main body portion 140, the offsetting extension member
144, and/or the intermediate extension member 147 can
therefore be in-line with one another. The offsetting exten-
sion member 144 can be configured to fit at least partially
within the main body portion 140, and the intermediate
extension member 147 can be configured to fit within the
offsetting extension member 144. Thus, an outer diameter
160 of the offsetting extension member 144 can be less than
an inner diameter 161 of the main body portion 140, and an
outer diameter 162 of the intermediate extension member
147 can be less than an inner diameter 163 of the offsetting
extension member 144. This can enable free movement of
these components relative to one another due to thermal
expansion/contraction without generating undue internal
stress while the offset length 148 and the strut length 143
vary due to temperature. A thermal strap (118 in FIG. 1) can
be utilized to closely link the temperatures of the primary
mirror 120 and the offsetting extension member 144 to
maintain the primary mirror 120 and the offsetting extension
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member 144 at the same temperature for proper operation
and thermal compensation, as described herein.

[0029] The CTE and axial expansion lengths of each of the
various components of the strut 112 can be configured to
provide a desired composite CTE of the strut 112 that is
tuned for a given operating temperature range to provide
passive thermal compensation for the non-zero CTE primary
mirror 120. In examples where the main body portion 140,
the coupling portion 141, the coupling portion 142, and the
intermediate extension member 147 are constructed primar-
ily of near-zero CTE materials, the offset length 148 of the
offsetting extension member 144 is the primary variable in
establishing the CTE of the strut 112.

[0030] In operation, as the temperature of the offsetting
extension member 144 increases, the offsetting extension
member 144 expands and increases the offset length 148.
Due to the connection of the intermediate extension member
147 to the second end 146 of the offsetting extension
member 144, the coupling portion 141 is caused to move
toward the opposite coupling portion 142, thus effectively
shrinking or contracting the strut length 143. The opposite
occurs with a decrease in temperature. The result is a net
negative CTE for the strut 112, which decreases in strut
length 143 as the temperature increases, and increases in
strut length 143 as the temperature decreases.

[0031] In one aspect, as schematically illustrated in FIGS.
3A and 3B, the negative CTE strut 112 can be configured to
have a negative CTE to provide a suitable contraction/
expansion over a given temperature range that offsets the
expansion/contraction of a given positive CTE primary
mirror 120. In general, for a positive CTE primary mirror
120 as shown in FIG. 3A, as the primary mirror 120
contracts with decreased temperature, a focus point 105 of
the primary mirror 120 tends to shift toward the primary
mirror, in front of the secondary mirror (not shown). On the
other hand, as shown in FIG. 3B, as the primary mirror 120
expands with increased temperature, the focus point 105
tends to shift away from the primary mirror 120, behind the
secondary mirror (not shown). Such tendencies of the focus
point 105 to shift with temperature variation can make it
difficult to maintain focus.

[0032] Utilizing the negative CTE struts 112 in conjunc-
tion with the positive CTE primary mirror 120, however, can
passively maintain the focus point 105 of the primary mirror
120 in substantially the same location relative to the sec-
ondary mirror over a given temperature range. For example,
as the primary mirror 120 contracts with decreased tempera-
ture and shifts the focus point 105 toward the primary mirror
120, the negative CTE struts 112 correspondingly expand or
lengthen and push the primary mirror 120 toward the
secondary mirror to passively maintain the focus point 105
in substantially the same location relative to the secondary
mirror. As the primary mirror 120 expands with increased
temperature and shifts the focus point 105 away from the
primary mirror 120, the negative CTE struts 112 correspond-
ingly contract or shorten and pull the primary mirror 120
away from the secondary mirror to passively maintain the
focus point 105 in substantially the same location relative to
the secondary mirror. Thus, the negative CTE struts 112 can
be tuned or configured to accommodate varying temperature
gradients and reduce primary mirror defocus sensitivity. In
other words, the passive thermal compensation provided by
the negative CTE struts 112 can provide a mirror system that
is effectively insensitive to thermal variation. The result is a
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mirror system that can maintain the primary mirror focal
point over a wide range of temperatures. In addition, the
negative CTE struts 112 can enable use of a relatively
inexpensive, high CTE primary mirror at a low cost while
eliminating or minimizing the need for active thermal con-
trols.

[0033] Insome examples, a negative CTE strut may not be
utilized depending on the operating environment of the
mirror system or if the primary mirror (i.e., the back end of
the mirror system) can be maintained at a given temperature,
such as by an active temperature control.

[0034] The principles disclosed herein can maintain image
quality at an acceptable level while the mirror system 100
experiences temperature variations. For example, FIG. 4
graphically represents component temperature and image
quality (quantified as wavefront error). The temperature of
the exposed front end components (e.g., the secondary
mirror and struts) can vary greatly in response to changing
environmental conditions, while the temperature of the
relatively massive, insulated back end components (e.g., the
primary mirror) remain relatively constant. The back end
components will typically see temperature variation over a
longer period of time. As shown in the graph, the wavefront
error (i.e., image quality) remains at an acceptable level
while the front end and back end components experience
different types of temperature variation characteristics. The
mirror system 100 can therefore benefit from material
choices specific to the operating environment, so that the
mirror system is thermally insensitive where it needs to be
(i.e., at the exposed front end utilizing a near-zero CTE
mirror and structural components) and allows for some
thermal sensitivity where it is tolerable (i.e., at the relatively
massive, insulated back end utilizing a non-zero CTE mirror
and, optionally, negative CTE struts). This strategic use of
materials (i.e., CTE characteristics) in the mirror system 100
can save manufacturing time and money, particularly with
regard to the primary mirror, which is often the most difficult
and expensive component to manufacture. As a result, the
image quality of the mirror system 100 may be comparable
to that of a telescope made entirely of near-zero CTE
materials, while being much less expensive to make in a
much shorter time frame. In addition, the cost and manu-
facturing time of the mirror system 100 may be close to that
of a telescope made entirely of the same high CTE material
(e.g., SIC), while producing a superior image quality. Thus,
the mirror system 100 disclosed herein can produce high
spatial resolution imaging with low wavefront error at
reduced cost compared to other imaging systems.

[0035] Reference was made to the examples illustrated in
the drawings and specific language was used herein to
describe the same. It will nevertheless be understood that no
limitation of the scope of the technology is thereby intended.
Alterations and further modifications of the features illus-
trated herein and additional applications of the examples as
illustrated herein are to be considered within the scope of the
description.

[0036] Although the disclosure may not expressly disclose
that some embodiments or features described herein may be
combined with other embodiments or features described
herein, this disclosure should be read to describe any such
combinations that would be practicable by one of ordinary
skill in the art. The user of “or” in this disclosure should be
understood to mean non-exclusive or, i.e., “and/or,” unless
otherwise indicated herein.
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[0037] Furthermore, the described features, structures, or
characteristics may be combined in any suitable manner in
one or more examples. In the preceding description, numer-
ous specific details were provided, such as examples of
various configurations to provide a thorough understanding
of examples of the described technology. It will be recog-
nized, however, that the technology may be practiced with-
out one or more of the specific details, or with other
methods, components, devices, etc. In other instances, well-
known structures or operations are not shown or described
in detail to avoid obscuring aspects of the technology.
[0038] Although the subject matter has been described in
language specific to structural features and/or operations, it
is to be understood that the subject matter defined in the
appended claims is not necessarily limited to the specific
features and operations described above. Rather, the specific
features and acts described above are disclosed as example
forms of implementing the claims. Numerous modifications
and alternative arrangements may be devised without
departing from the spirit and scope of the described tech-
nology.

What is claimed is:

1. A negative coefficient of thermal expansion (CTE)

strut, comprising:

a main body portion;

a first coupling portion and a second coupling portion
disposed opposite one another about the main body
portion and defining a strut length, the first and second
coupling portions each being configured to interface
with an external structure; and

an offsetting extension member having a first end coupled
to the main body portion and a second end coupled to
the first coupling portion by an intermediate extension

May 7, 2020

member, the first end being between the first coupling
portion and the second end, the first and second ends
defining an offset length parallel to the strut length,
wherein when the negative CTE strut increases in tem-
perature, the offset length is configured to increase due
to thermal expansion of the offsetting extension mem-
ber sufficient to cause the strut length to decrease.

2. The negative CTE strut of claim 1, wherein the offset-
ting extension member comprises aluminum.

3. The negative CTE strut of claim 1, wherein the main
body portion, the intermediate extension member, or both
have near-zero CTE.

4. The negative CTE strut of claim 1, wherein the main
body portion, the intermediate extension member, or both
comprise a composite material, a nickel-iron alloy, or a
combination thereof.

5. The negative CTE strut of claim 4, wherein the com-
posite material comprises carbon fiber.

6. The negative CTE strut of claim 4, wherein the nickel-
iron alloy comprises 64FeNi.

7. The negative CTE strut of claim 1, wherein at least one
of the main body portion, the offsetting extension member,
and the intermediate extension member comprises a cylin-
drical configuration.

8. The negative CTE strut of claim 1, further comprising
an insert coupling the main body portion and the first end of
the offsetting extension member.

9. The negative CTE strut of claim 8, wherein the insert
comprises a nickel-iron alloy.

10. The negative CTE strut of claim 9, wherein the
nickel-iron alloy comprises 64FeNi.

#* #* #* #* #*



