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Abstract: We introduce the Transformable Reflective Telescope (TRT) kit that applies an aluminum pro-
file as a base plate for precise, stable, and lightweight optical system. It has been utilized for optical surface
measurements, developing alignment and baffle systems, observing celestial objects, and various educa-
tional purposes through Research & Education projects. We upgraded the TRT kit using the aluminum
profile and truss and isogrid structures for a high-end optical test device that can be used for prototyp-
ing of precision telescopes or satellite optical systems. Thanks to the substantial aluminum profile and
lightweight design, mechanical deformation by self-weight is reduced to maximum 67.5 µm, which is an
acceptable misalignment error compared to its tolerance limits. From the analysis results of non-linear
vibration simulations, we have verified that the kit survives in harsh vibration environments. The primary
mirror and secondary mirror modules are precisely aligned within 50 µm positioning error using the high
accuracy surface finished aluminum profile and optomechanical parts. The cross laser module helps to
align the secondary mirror to fine-tune the optical system. The TRT kit with the precision aluminum
mirror guarantees high quality optical performance of 5.53 µm Full Width at Half Maximum (FWHM)
at the field center.
Key words: telescopes — instrumentation: miscellaneous

1. INTRODUCTION

The Transformable Reflective Telescope (TRT) kit is
an optical experimental kit for telescope developments,
optical element tests, and educational purposes. The
basic configuration of the telescope is Newtonian sys-
tem, and it easily transforms into Cassegrain and Gre-
gorian reflective telescopes by changing the modular-
ized secondary mirror. It is designed with the entrance
pupil diameter of 150 mm and effective focal length
of 600 mm, 2400 mm, and 3155 mm for Newtonian,
Cassegrain, and Gregorian configurations, respectively
(Park et al. 2020).

A few telescopes that are transformable into
Newtonian and Cassegrain systems have been re-
ported. Maeda & Sekiguchi (1998) suggested a sim-
ple Cassegrain telescope with an installable fold mirror
module on the camera mount for transformation from
a Cassegrain telescope to Newtonian system. Another
transformable telescope has a basic form of a Newtonian
telescope but also includes a convex hyperbola mirror
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on the slider inside the telescope to make use of the
telescope as a Cassegrain system (Watanabe 2008). The
other one installs a 45° fold mirror and a convex hyper-
bola mirror on the rotary stage to make the telescope
exchangeable between Newtonian and Cassegrain sys-
tems (Sarayotis 2009). The common idea for these three
transformable telescopes is to share a parabolic primary
mirror for Newtonian and Cassegrain telescopes and to
replace a secondary mirror in some inventive ways.

On the other hand, the TRT kit transforms into
three types of two mirror systems, and it is not only
used for telescopes but also utilized as portable opti-
cal test equipment by using a grid of tap holes on the
optomechanical parts. One characteristic of the TRT
kit is modularized optomechanical components. It al-
lows easy applications for various optical tests such as
optical alignment test, stray light measurement, perfor-
mance test using correcting optics, etc.

Park et al. (2020) introduced the TRT kit’s de-
sign and applications. They verified the feasibility of
the TRT kit through tolerance analysis using a Monte
Carlo method that is evaluated with the performance
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Table 1
Main characteristics of the version 1 (Park et al. 2020) and version 2 TRT kits and their tolerance limits.

Main characteristics

Version 1 Version 2

Total dimension (mm) 648 (L) × 221 (W) × 212 (H) 638 (L) × 223 (W) × 220 (H)
Total weight (kg) 5.70 3.12
Number of components (-) 13 13

Tolerance limit

Newtonian Cassegrain Gregorian

α-, β- Tilt (′) Primary mirror ±23 ±4 ±2.5
Secondary mirror ±32 ±10 ±5

x-, y- Decenter (mm) ±1 ±0.6 ±0.5
Despace (mm) ±3 ±1 ±0.7
Surface Irregularity (λ) ±2.5 ±0.50 ±0.35

Focus (mm)a ±20

aThe focus is set as the compensator.

criterion of 12 µm for 80% Encircled Energy Diameter
(EED), and it is performed with 5000 trials at 550 nm
wavelength (Table 1). The focus is set as the compen-
sator during the analysis. The TRT kit has been used
for mirror surface error measurements, developing align-
ment mechanisms and spectrometers, observing celes-
tial bodies, and educational purposes through Research
& Education projects.

The optomechanical structures and a primary mir-
ror of the kit are made of aluminum alloy (Al6061-T6).
Optical components and their mounts are supported by
the bar-type base plate, which deforms 0.11 mm and
0.7 mm due to its self-weight for compact and extended
modes, respectively. The mechanical deformations were
acceptable for the system with F-ratio of 4, 16, and
21 for Newtonian, Cassegrain, and Gregorian systems
(Park et al. 2020). However, an improved optomechan-
ical structure is required to apply the kit for faster or
high-end optical systems.

The aluminum profile is an aluminum structure
made with the extrusion method. There is a variety of
aluminum profiles widely used for aluminum frames of
mechanical devices, plant constructions, architectural
applications, flow racks, etc. thanks to its lightweight
design and high resistance to bending force.1 The in-
crease in extrusion accuracy and surface finish quality
of the aluminum profile has expanded its fields of usage,
but still not for optomechanical structures.

Truss structure is another mechanical design fea-
ture that consists of triangular elements whose straight
beams are joint at nodes. There are various types of
truss structures such as simple truss, planar truss, space
frame truss, etc. that are applied to bridge and roof
frames and other applications that require stable con-
structions under external load or force (Maginnis 1903;
Lubliner 2016; Hibbeler 1983). The truss design was
1https://www.boschrexroth.com/en/xc/products/product-
groups/assembly-technology/topics/aluminum-profiles-
solutions-components/applications-with-profile/index

also used for Sofora and Rapana frames of the Russian
space station, Mir (David Harland 2005).

The combination of fine-finished aluminum pro-
files, truss structure, and isogrid lightweight features in
optomechanical structure design can produce significant
synergy for accurate and portable optical systems. In
this paper, we introduce the aluminum profile and truss
structure based optomechanical design and lightweight
features of the TRT kit. Main characteristics and dif-
ferences of the two versions of the TRT kits, which ver-
sion 1 is introduced in Park et al. (2020), and version 2
is described in this paper, are listed in Table 1. In Sec-
tion 2, the overall design concept of lightweight optome-
chanics and an aluminum mirror is presented. We verify
the mechanical designs of the TRT kit by implement-
ing static analysis (Section 3) and non-linear vibration
analysis (Section 4). The secondary mirror holder is up-
graded from bar-type to truss-type to minimize mechan-
ical deformation (Section 3.2).

The cross-laser alignment method for stable opti-
cal performance is described in Section 5. Optical per-
formance of the TRT kit is carefully measured using a
point source and through field tests (Section 6). Finally,
we discuss and summarize the upgraded version of the
TRT kit in Section 7.

2. OPTOMECHANICAL DESIGN

Optomechanical structure of the TRT kit consists of
three basic modules—mounting base module, primary
mirror module, secondary mirror module—and two sup-
porting modules—alignment module and baffle module.
Figure 1 illustrates the 3D mechanical design of the
TRT kit in the Newtonian configuration.

The total dimension of the kit in the Newtonian
and Cassegrain configurations is 638 mm (L) × 223 mm
(W) × 220 mm (H). The basic modules—mounting base
module, primary mirror module, and secondary mirror
module—consist of 14 components including mirrors.
The total mass of the TRT kit is 3.12 kg.

https://www.boschrexroth.com/en/xc/products/product-groups/assembly-technology/topics/aluminum-profiles-solutions-components/applications-with-profile/index
https://www.boschrexroth.com/en/xc/products/product-groups/assembly-technology/topics/aluminum-profiles-solutions-components/applications-with-profile/index
https://www.boschrexroth.com/en/xc/products/product-groups/assembly-technology/topics/aluminum-profiles-solutions-components/applications-with-profile/index
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Figure 1. 3D mechanical design of the TRT kit with an alu-
minum profile base plate. Primary and secondary mirrors
are shown in red. Mounting base module (white and cyan),
primary mirror module (purple), secondary mirror module
(gold), and alignment module (blue and green) are assem-
bled.

Figure 2. The fine-ground reference surfaces for alignment of
the primary and secondary mirror modules.

The aluminum profile with the size of 30 mm ×
30 mm × 600 mm supports the whole optical system.
It is advantageous for optomechanical frames thanks
to its high strength and solidity, as well as lightweight
compared to a bare aluminum plate of the same size.
Universal nuts and brackets for the aluminum profile
also provide expandability to the optical system. The
length of the aluminum profile can extend up to 800 mm
for the Gregorian system.

In this TRT kit, primary and secondary mirror
modules are assembled to the aluminum profile us-
ing spring nuts and M6 hex screws, so that they are
free to move along the z-axis (despace) for rough fo-
cusing or relocation of the optical components. Fine-
focusing, which also be able to compensate a despace

Figure 3. The open-back style isogrid lightweight mirror.

error, is done by using a linear stage on the camera
module. We designed alignment features on the mechan-
ical surfaces instead of using precision pins (Figure 2).
The fine-ground alignment surfaces in each module face
together to mount them at precise locations.

This method guarantees x-, y-decenter errors of
< ±40 µm for the primary mirror and < ±49 µm for
the secondary mirror that are calculated using a root
sum squared (RSS) method with ±20 µm fabrication
error of the fine-ground surfaces. They are acceptable
decenter uncertainties by comparing to tolerance limits
of the TRT kit (Table 1).

2.1. Lightweight Design of the Mirror and
Optomechanics

The TRT kit is a portable experiment kit whose
lightweight mechanical design is important for appli-
cation in various environments. We applied an open-
back lightweight aluminum mirror for the primary mir-
ror (Figure 3). The open-back lightweight mirrors are
relatively low in stiffness compared to sandwich mir-
rors, but they are much easy to be fabricated (Vuko-
bratovich 2017). The entrance pupil diameter of the
primary mirror is 150 mm, and its thickness is 32 mm.
It is made of Aluminum 6061-T6. The mirror weight
before lightweight is 1.37 kg, and it has been reduced
to 0.66 kg, corresponding to lightweight ratio of 52%.
Print-through or fabrication quilting from diamond
turning machining (DTM) that commonly appears in
lightweight mirrors is reduced by optimizing the thick-
ness of the mirror face sheet to 8 mm (Atkins et al.
2019; Barnes 1969; Kasunic et al. 2017).

Figure 4 displays the surface error plot of the
fabricated primary mirror of the TRT kit. The sur-
face is measured using spectrally controlled interferom-
etry S150 HR,2 representing surface root mean square
(RMS) error of 0.030 µm, which corresponds to ∼ 1/18λ
in visible, and peak to valley of 0.269 µm. The surface
RMS error of the lightweight primary mirror is compa-
rable to that of the primary mirror of the TRT kit ver-
sion 1, which has the same aperture size and thickness
but without lightweight process. Even though we have
lightweigted for the version 2 mirror, the fabricated sur-
face of the version 2 mirror shows a much smaller error
2https://apre-inst.com

https://apre-inst.com
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Figure 4. The surface error plot of the lightweight primary
mirror.

Figure 5. The isogrid lightweight mechanical parts, (a) pri-
mary mirror holder (P1), (b, d) secondary mirror holders
(S2 and S1), and (c) base slider (B2S).

in RMS than that of the version 1 mirror, 0.067 µm
(Park et al. 2020). It is owing to the thick enough face
sheet of the lightweight mirror to DTM pressure, stable
temperature control, and a developed error compensa-
tion algorithm (Ji et al. 2021).

The tilt angle between the reflecting surface to the
open-back surface of the fabricated primary mirror is
0.47′, which is measured using Coordinate Measure-

ment Machine (CMM, Quantum Max FaroArm).3
Isogrid structure is selected for lightweight optome-

chanical parts. It is a popular feature for lightweight
optical and mechanical devices that require strict mass
limits and high rigidity for special applications (Mag-
innis 1903; Lubliner 2016; Hibbeler 1983; David Har-
land 2005). Isogrid (triangular) cells are the most
appropriate cell type for the open-back lightweight
design as they have the highest torsional resistance
compared to honeycomb (hexagonal) and square cells
(Vukobratovich 2017).

Figure 5 illustrates the lightweight mechanical
parts of the TRT kit, primary mirror holder (P1), sec-
ondary mirror holders (S2 and S1), and base slider
(B2S). Mass of each part before and after lightweight
are listed in Table 2. The final lightweight ratios of these
parts with isogrid cells are 47% to 69%. Therefore, the
total weight of the TRT kit is reduced from 4.89 kg to
3.12 kg.

3. MECHANICAL DEFORMATION AND STRESS BY
SELF-WEIGHT

3.1. Deformation of the Base Plate and Primary Mirror
Holder

We expect the aluminum profile to strongly and sta-
bly support optical components as the base plate of
the TRT kit. To verify the self-weight deflection of the
mechanical parts, finite element analysis has been per-
formed for the lightweight and solid (non-lightweight)
TRT kits in the compact (Newtonian) configuration,
and for the lightweight TRT kit in the extended (Gre-
gorian) configuration.

For the simulations, the gravitational acceleration
along with x-, y-, and z-axes is applied as an exter-
nal force (red arrow in Figure 6), and the bottom of a
dovetail is fixed (green arrows), so we expect mechan-
ical deformation and performance variation during ob-
servations when we utilize the TRT kit as a telescope.
Contact surfaces between the parts are considered to
be bonded. Quadratic tetrahedral 3D solid mesh ele-
ments were applied with an element size of 2 mm to
10 mm. The total number of nodes and elements for the
lightweight Newtonian configuration are 425,855 and
241,342, respectively.

Figure 6 represents the self-weight deformation of
the lightweight and solid TRT kits. The maximum de-
formations for z-acceleration are 67.5 µm and 45.0 µm
for the lightweight and solid TRT kits. This is be-
cause of lightweight design of the primary mirror holder
having lower stiffness than the solid design. It is a
well-known fact that the flexural rigidity of solid de-
sign is higher than that of the open-back style of
the same size (Vukobratovich 2017). In the case of x-
acceleration, however, we found that the solid model is
more deformed (101.8 µm) than the lightweight model
(48.9 µm) because the heavy weight of the primary
mirror and primary mirror holder for the solid model
gives much more stress to the aluminum profile than
3https://www.faro.com/Products/Hardware/Quantum-FaroArms

https://www.faro.com/Products/Hardware/Quantum-FaroArms
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Table 2
Mass budgets of the TRT kit before and after lightweight.

Part namea Mass before lightweight (g) Mass after lightweight (g) Lightweight ratio (%)

Primary mirror 1371 662 51.7
P1 687 210 69.4
P2 152 152 —
P3 29 29 —

B2P 46 46 —

Secondary mirror 204 204 —
S1 146 57 61.0
S2 307 163 46.9
S3 56 56 —

B2S 538 187 65.2
Linear Stage 191 191 —

Aluminum Profile 720 720 —
Dovetail 389 389 —

Etc. (nut, pin) 50 50 —

Total mass 4.89 kg 3.12 kg 36.2

aPart names are defined in Park et al. (2020).

Figure 6. Mechanical deformations of the lightweight (top) and solid (bottom) TRT kits. From left to right, gravitational
acceleration (red arrow) is loaded along with x- (left), y- (center), and z-axes (right).

the lightweight model. For all deformations by self-
weight for the lightweight model are negligible as they
are within the tolerance range of the TRT kit (Table 1).

Figure 7 shows von Mises stress of the TRT kit
caused by the gravitational acceleration to the y-axis.
The base slider for the lightweight design and the sec-
ondary mirror holder for the solid design get the maxi-
mum stresses of 3.44 MPa and 1.96 MPa, respectively.
It indicates that the lightweight structure receives more
stress than the solid surface. However, the maximum
stress of both cases are marginal values by comparing
to the yield stress of aluminum alloy 6061-T6, 275 MPa
(Kaufman 2000).

For the Gregorian configuration, the telescope gen-
erally has a much longer inter-mirror distance for the
long focal length of the system. As the focal length of
the TRT kit Gregorian system is 3115 mm, the alu-

minum profile needs to be extended to 800 mm length.
The static analysis of the TRT kit with the extended
aluminum profile is performed as the feasibility study
of the Gregorian system with this lightweight concept
(Figure 8). The maximum deformation is 0.212 mm in
the secondary mirror module, which is caused by de-
formations of the aluminum profile and the lightweight
base slider (B2S, see (c) in Figure 5). The mechanical
deformation is larger than the compact mode’s, but it is
still an acceptable error since the decenter and tilt tol-
erance limits of Gregorian configuration are ±0.5 mm
and ±5′.

The self-weight deflection analysis for the TRT kit
version 1, whose base plate is designed as an aluminum
plate type, has already been performed (Park et al.
2020). The analysis results show maximum deforma-
tions of 0.11 mm and 0.7 mm for the compact and
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Figure 7. von Mises stress of the lightweight (top) and solid
(bottom) TRT kit.

Table 3
Mechanical deformations of the TRT kit in different

configurations and versions.

Version Configuration Max. deformation (mm)

V1 Compact 0.110 (y-axis)
Extended 0.700 (y-axis)

V2
Light & compact 0.068 (z-axis)
Solid & compact 0.102 (x-axis)
Light & extended 0.212 (y-axis)

extended configurations with y-axis acceleration.
Table 3 lists mechanical deformations of the TRT

kit in various configurations and versions calculated
from finite element analysis. Overall, the TRT kit ver-
sion 2 (this work) is lighter and shows much more sub-
stantial performance than that of the TRT kit version 1.
In the case of the TRT kit version 2, the maximum de-
formation point of the compact model is located on the
top of the primary mirror holder because of large stress
on the lightweight primary mirror holder. On the other
hand, mechanical deformations for the extended model
are mainly caused by stress on the aluminum profile
that comes from the weight of the primary and sec-
ondary mirror modules.

Since the most critical part to mechanical defor-

Figure 8. Mechanical deformations of the TRT kit as a Gre-
gorian system by gravitational acceleration along with x-,
y-, and z-axes from top to bottom. In this configuration,
the length of the aluminum profile extends to 800 mm.

mation by self-weight is the primary mirror holder for
the lightweight model, we measured a tilt angle of the
primary mirror holder after we assemble all parts of
the TRT kit including the lightweight primary mirror.
CMM is used for measuring the angle of the primary
mirror holder when the TRT kit is installed on the op-
tical table. The measured angle between the primary
mirror holder and base plate is 89.95°, in other words,
the primary mirror is tilted by 2.8′ by self-weight, fab-
rication error of optomechanics, and assembly torque
(will be discussed in Section 3.3). We also measured
stiffness of the base plate after assembly. The maximum
deviation of the aluminum profile by weight of primary
and secondary module is 8 µm from the nominal flat
surface.

3.2. Deformation of the Secondary Mirror Holder
The secondary mirror holder is designed with truss
structure for effective stress distribution under verti-
cal concentrated load like gravitational acceleration.
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Figure 9. Mechanical deformations of the secondary mirror
by self-weight. The bar-type (left) and truss-type (right)
mirror holders are compared.

Figure 10. Mechanical deformations of the primary mirror
(left) and secondary mirror (right) by bolting stress. Bolts
are shown in blue with yellow circles.

Serrurier truss is a representative truss for large and
small size reflective telescope tubes whose principle of
operation keeps alignment of the telescope mirror to any
direction of gravitational acceleration (Diffrient 1994).

Figure 9 illustrates static deformations of version 1
and version 2 secondary mirror holders by gravity. The
holder is designed with a simple bar-type structure for
the TRT kit version 1, and it is revised to truss type
structure for the TRT kit version 2. The simulation rep-
resents that maximum deformations of bar- and truss-
types are 80 µm and 21 µm, respectively. In the truss
design, two straight beams meet at a joint where the
optical axis of the telescope is located, so mechanical
deformation of the secondary mirror by self-weight can
be dramatically reduced.

3.3. Deformation by Bolting Stress
Bolting stress can cause mechanical deformations when
we assemble optomechanical parts, so precise finite
element analysis is important to expect optical mis-
alignment by the stress, especially for fast optical sys-
tems. The bolt connection is simulated with assem-
bly torque of screws with the reference from European
Space Agency mechanical torque values (Elliott 2012).
In the simulation, M6 bolts with 2 N·m torque and M4
bolts with 1.5 N·m torque are applied for the bolt con-
nection of the primary and secondary mirror holders.
Connection bolts have stainless steel (ferritic) materi-
als with a friction factor of 0.2. It is applied that the
head diameter of 12 mm and the nominal shank diam-
eter of 6 mm for M6 screws and the head diameter of
6.45 mm and the nominal shank diameter of 4.3 mm for
M4 screws.

Figure 11. Vibration mode shapes. Mechanical deformations
of (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, and
(e) Mode 5 and response nodes for harmonic and random
vibration analysis are displayed.

Table 4
Natural frequency of the TRT kit.

Frequency mode Natural frequency (Hz)

1 76.21
2 78.64
3 84.10
4 87.85
5 129.88

Figure 10 displays mechanical deformations of the
primary mirror module and secondary mirror module
by bolting stress. It shows that the maximum deforma-
tions are 44.8 µm for the primary mirror and 12.7 µm
for the secondary mirror, which lead to 0.88′ and 0.30′
tilt errors in the same order. They are ignorable er-
rors by comparing to the tolerance limit of the TRT
kit (Table 1). In terms of stress, bolts give 92 MPa
and 65 MPa von Mises stress to primary and secondary
mirror mechanical structures that are negligible stress
for aluminum alloy 6061-T6 with the yield stress of
275 MPa.

4. VIBRATION ENVIRONMENT ANALYSIS

The telescope kits can be exposed to various vi-
bration environments from transportation, seismic
wave, telescope motors, etc. Open-back lightweight
optomechanical structures should be confirmed to these
kinds of vibration environments since they are expected
to be much weaker to harsh vibration environments
than solid designs. We verified the safety of the TRT
kit from vibration environments through modal analy-
sis, harmonic and random vibration analysis.

4.1. Modal Analysis
From modal analysis, we calculate natural frequency
and examine mode shapes of mechanical structure. Nat-
ural frequency is especially dominant to the shape of op-
tomechanical structure and its material. The simulation
results are summarized in Table 4 and Figure 11. Funda-
mental frequency of the TRT kit is 76.21 Hz (Table 4).

Figure 11 illustrates five vibration mode shapes
of the TRT kit. As we expected from the mechani-
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Table 5
Harmonic and random vibration accelerations for nonlinear simulations.

Harmonic
vibration

Frequency
sub-range (Hz) 1–2 2–5 5–10 10–2000

Vibration
accelerations (G)
(G = 9.81 m/s2)

0.3–0.5 0.5 0.5–1.0 1.0

Random
vibration

Frequency
sub-range (Hz) 20–50 50–100 100–200 200–500 500–1000 1000–2000 Acceleration

RMS (G)

Acceleration
spectral density
(ASD) (G2/Hz)

0.02 0.02 0.02–0.05 0.05 0.05–0.025 0.025–0.013 7.42

Figure 12. Response curves from harmonic (left) and random
vibration (right) analysis. Black solid lines represent input
acceleration curves.

cal design, primary and secondary mirror holders are
the most critical components for vibration loads. We
decided the location of response nodes at the critical
points to vibrations where the top of the primary mir-
ror holder (Node 1) and the endpoint of the secondary
mirror (Node 2). Harmonic and random vibration re-
sponses are measured on these node points.

4.2. Harmonic and Random Vibration Analysis
Stiffness of the TRT kit structure to sinusoidal and ran-
dom loads is evaluated from harmonic and random vi-
bration analysis. In this analysis, we selected vibration
loads of the Souyz-2/Freget Launch system (Table 5)
which is one of the harsh environments by comparing
seismic waves and load from transportation.

In both simulations, we fixed the bottom surface of
the dovetail and put vibration loads on the same surface
that assume the TRT kit is installed in the payload or
some telescope mounts. Quadratic tetrahedral 3D solid
mesh elements with 218,469 total nodes and 116,412
total elements were applied. We set a damping ratio of
0.02. Harmonic and random vibration accelerations are
loaded to x-, y-, and z-axes, respectively.

Response curves from harmonic and random vi-
bration analysis that measured on Node 1 and 2 are
illustrated in Figure 12. Input acceleration curves are
drawn in the black solid lines for both panels. Response
graphs show main peaks at 76.21 Hz (Mode 1), 84.10 Hz
(Mode 3), 129.88 Hz (Mode 5), 196.33 Hz (Mode 6),

Table 6
The maximum von Mises stress and margin of safety at

resonance frequencies from harmonic and random analysis.

Resonance freq.
(acceleration axis)

Harmonic analysis Random analysis

σmax
(MPa)

MOS
(%)

σmax
(MPa)

MOS
(%)

76.21 (z) 143.60 74 142.06 76
84.10 (x) 38.04 557 35.95 595
129.88 (y) 50.94 391 80.26 211
196.33 (z) 16.57 1409 49.84 402
341.18 (y) 11.75 2028 43.34 477
832.38 (x) 3.27 7541 17.24 1350

341.18 Hz (Mode 9), and 832.38 Hz (Mode 15), which
are the natural frequencies of the TRT kit.

We calculated von Mises stress and margin of safety
(MOS) at these resonance frequencies. Table 6 lists the
maximum von Mises stress and MOS for both vibration
simulations at corresponding resonance frequencies and
acceleration axis. MOS is calculated with Equation (1)
(Park et al. 2020):

MOS(%) =

[(
σyield

σmax × SF

)
− 1

]
× 100% (1)

where, σyield is the yield stress of material which is
275 MPa in the TRT kit case (aluminum 6061-T6). σmax

is the maximum von Mises stress derived from the sim-
ulations. Safety factor (SF) is 1.1 for yield stress, and
1.25 for ultimate stress based on European Cooperation
for Space Standardisation (ECSS).4

The minimum MOS is 74% at the fundamental fre-
quency (76.21 Hz) for the z-axis harmonic acceleration,
while primary and secondary mirror holders are the crit-
ical parts to vibration loads (see Figure 11). Since the
4Space Engineering—Structural General Requirements (ECSS-
E-ST-32C Rev. 1, 2008, ESA Requirements and Standards Di-
vision); Space Engineering—Structural Finite Element Models
(ECSS-E-ST-32-03C, 2008, ESA Requirements and Standards
Division); Space Engineering—Structural Factors of Safety for
Spaceflight Hardware (ECSS-E-ST-32-10C Rev.1, 2009, ESA
Requirements and Standards Division); Space Engineering—
Materials (ECSS-E-ST-32-08C, 2014, ESA Requirements and
Standards Division)
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Figure 13. The 3D exploded view of the cross-laser module.

Figure 14. The TRT kit alignment process using a cross laser.
The Laser and secondary mirror alignment (left) and the
primary mirror alignment process (right) are shown.

simulation result shows all positive MOS for both vibra-
tion analyses at all resonance frequencies, we concluded
that the lightweight TRT kit is stiff enough for vibration
accelerations from the rocket launch or milder environ-
ments than the launch system. However, the current
design of the TRT kit may need to be modified to have
a higher fundamental frequency, generally higher than
100 Hz, to apply the kit for satellite system.

5. OPTICAL ALIGNMENT USING THE CROSS-LASER

A precision alignment mechanism is essential to achieve
the expected performance of optical systems. We devel-
oped a compact alignment laser module that is needed
for modularized and portable telescope kits. Figure 13
illustrates a cross-laser module. It consists of the cross-
laser, a laser holder, a 1.25-inch holder, springs, thumb-
screws, and set screws. Thanks to the thumbscrews and
springs, the incident angle of the laser can be easily ad-
justed. The springs can be compressed to 6.6 mm from
a nominal length, 12 mm, which leads to the limit of an
adjustable incident angle of the laser module to ±11.7°.

The laser module is mounted on a camera adapter
for the TRT kit alignment. The alignment procedure
is listed as follows: (1) Mount the laser module on the
camera adapter and adjust an angle of the laser while
matching the cross-laser beam to cross-holes in a baffle
plate; (2) Adjust an angle of the secondary mirror using
a projected laser beam on the primary mirror holder
that is reflected from the secondary mirror; (3) Finally,
mount the primary mirror on the mirror holder and see
the final projection beam that should be well matched
to the baffle cross-holes if the secondary mirror and laser
modules are properly aligned. Therefore the projection

Figure 15. Point source image (left) and its point spread func-
tion (right) at the center field (top) and the off-axis field,
[0.71°, 1.06°] (bottom). The blue solid line (top-right) rep-
resents the pixel-convolved airy disk curve.

beam from the cross-laser through the secondary and
primary mirrors will confirm the final alignment status.

Figure 14 illustrates the alignment method de-
scribed in the alignment procedure. The left panel rep-
resents the picture of the alignment procedure (1) and
(2), and the right panel shows the alignment procedure
(3). The primary mirror is self-aligned using the precise
reference surfaces of the mirror holder and aluminum
profile, so the adjustment of the primary mirror is un-
necessary.

Alignment uncertainty of the secondary mirror us-
ing the cross-laser module is ±1.50′ for the Newtonian
and Cassegrain systems and ±0.95′ for the Gregorian
system, which correspond to the half beamwidth of the
laser, 0.5 mm. They are acceptable accuracy considering
tolerance limits of the TRT kit, which are ±32′, ±10′,
and ±5′ for Newtonian, Cassegrain, and Gregorian sys-
tems, respectively.

6. IMAGING PERFORMANCE TEST

Optical performance of the Newtonian TRT kit is mea-
sured using a point source. We generated the point
source using white LED, 5 µm pinhole, integrating
cylinder, diffuser, and a collimator with a diameter of
150 mm and f-number of 4. The through-focus test is
performed to find the best focus of the optical sys-
tem utilizing the linear stage installed on the secondary
module of the TRT kit. The point source image at the
field center and the off-axis field are captured with the
QHY-5 II mono CMOS camera with the pixel size of
3.75 µm and Canon 550D digital camera with the pixel
size of 8.6 µm (2 by 2 binning), respectively.

We got an under sampled point source image, es-
pecially for the field center data, due to the relatively
large pixel size of the detector, so we performed cubic
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Figure 16. Full field image of the TRT kit in Newtonian con-
figuration. Note that the spot size of each point source image
has been exaggerated.

Figure 17. Field test images of the TRT kit without baffle
(left) and with baffle (right). ESF sampling areas are shown
in blue and red boxes.

interpolation to measure accurate Full Width at Half
Maximum (FWHM) of the image (Akima 1970, 1974).
Figure 15 displays the point source images and their
point spread functions (PSF). In the field center PSF
chart, the black solid line represents the interpolated
PSF while the black circles show the raw cross section
data. Measured FWHM is 5.53 µm and the airy disk
diameter of the TRT kit with f-number of 4 optical sys-
tem at 0.55 µm wavelength is 5.37 µm. We performed
data convolution with the pixel size to the airy disk
curve that is displayed in blue-solid line. FWHM of the
pixel-convolved airy disk curve is 3.96 µm. From our
expectation, FWHM difference between measured PSF
and the pixel-convolved airy disk curve should come
from the fabrication error of the primary mirror surface
(0.030 µm in RMS).

PSF is also measured at the off-axis field, field
angle of [0.71°, 1.06°]. As we already know, dominant
coma aberration is identified in the point source image.
FWHM of the major and minor axis of the PSFs are
64.37 µm and 33.34 µm, respectively.

Full Field of View (FOV) imaging test is performed
using Cannon 550D digital camera with 2 by 2 bin-
ning setting. FOV of the Newtonian telescope with the
CMOS camera sensor is 2.12° × 1.41°. Figure 16 shows
an observed full field image with decent PSF at the cen-
ter and clear coma aberration at the off-axis field an-

Figure 18. Edge spread function of Area 1 (left) and Area 2
(right) of field test images without (blue) and with (red)
baffle. ESFs measured areas are shown in Figure 17.

Table 7
Michelson contrasts from field test images captured with

and without baffles.

Sampling
area

Michelson contrast Contrast
improve. (%)with Baffle without Baffle

Area 1 0.27 0.11 247
Area 2 0.29 0.06 494

gles which are reasonable image patterns for the tradi-
tional Newtonian telescopes. We can easily improve off-
axis imaging performance of the Newtonian telescope by
utilizing universal nuts and brackets for the aluminum
profile and coma correctors or some other correcting
optics.5

One of the main factors degrading optical quality is
stray light. It is even more critical to the TRT kit, which
is not only usable in the lab but also allows outdoor ac-
tivities or experiments. Park et al. (2020) has designed
baffles and performed stray light analysis for the TRT
kit optical system. From their analysis, baffles of the kit
suppress 70–95% of stray light with a minimum point
source transmittance (PST) of 10−8.

We performed the TRT kit field tests with and
without baffles under the daylight (Figure 17). Edge
Spread Function (ESF) is measured in two sample ar-
eas, which are indicated in Figure 17 with blue and red
boxes. Figure 18 shows that distinct contrast differences
between sampling areas in with and without baffle
images. From the ESF measurement, we calculated
Michelson contrast. It is a common method to describe
image contrast, which is defined as Equation (2) (Bat-
tula et al. 2018):

CM =
Imax − Imin

Imax + Imin
(2)

where, Imax and Imin represent the maximum and mini-
mum luminances. Table 7 lists Michelson contrasts mea-
sured from ESF of two sampling areas of field test im-
ages. We can see the significant improvement of con-
trast thanks to baffles, especially for Area 2, where the
field location is close to the sun. Contrast differences be-
tween the two areas are 0.02 and 0.07 for the with baffle
5https://www.telescope-optics.net/sub_aperture_corrector.htm

https://www.telescope-optics.net/sub_aperture_corrector.htm


Development of Light Weighted Optical Telescope Kit 21

image and without baffle image, respectively, meaning
that the brightness gradation over field angles generated
by stray light is noticeably reduced.

The field test results clearly show that stray light is
critical to image quality and contrast of the TRT kit as
Park et al. (2020) expected from the stray light analysis.

7. DISCUSSION AND SUMMARY

The TRT kit is a multi-purpose optical experiment kit
whose basic configuration is the Newtonian telescope,
and it easily transforms to the Cassegrain and Grego-
rian systems. In this paper, we have used the aluminum
profile as the base plate of the TRT kit. It not only is
substantial enough for supporting sensitive optical com-
ponents but also has lightweight mechanical structure
suitable for portable systems. The aluminum profiles
these days are fabricated with fine surfaces with µm-
scale high accuracy, so the profile can be applied to any
kind of optical system frame

For a portable experimental kit, we also applied the
lightweight mechanical parts and the precision align-
ment mechanism using the alignment module with the
cross-laser to the TRT kit that guarantees more sta-
ble optical performance. Isogrid structure is selected for
the lightweight system, which is a common design for
extremely large ground based telescopes and satellite
systems. The lightweight ratio of optomechanical com-
ponents is from 47% to 69%, and the total weight of the
TRT kit after light-weighting is 3.12 kg.

The secondary mirror holder is designed with truss
structure to minimize mechanical deformation by grav-
itational acceleration. The truss design improved rigid-
ity of the mechanical part, so the secondary mirror is
decentered in 20 µm, a quarter of the decenter value of
a bar-type mirror holder.

The aluminum profile and truss design are already
extensively used for satellite and telescope designs, as
well as other industrial constructions. Thanks to the
solid design of the aluminum profile and truss struc-
ture of the TRT kit, the maximum deformations by
gravity are only 0.068 mm and 0.212 mm for compact
and extended modes, which can be compensated using
the alignment module. Optomechanical structure is also
verified to bolting stress and to non-linear vibration en-
vironments.

We measured the tilt angle of the primary mirror
after we assembled all parts. The CMM measured tilt
error of the primary mirror holder is 2.8′ which corre-
sponds to 0.14 mm deviation at the top of the primary
mirror holder. The measured tilt error is the sum of fab-
rication tolerance of optomechanics (±2′), mechanical
deformation by bolting stress (44.8 µm) and self-weight
(9.86 µm). The calculated tilt error of the primary mir-
ror holder from these expected errors using the RSS
method is 0.15 mm which is close to our measured tilt
error.

From the sensitivity analysis of the kit (Park et al.
2020), we expect that the final optical performance is
about 8 µm, 28 µm, and 30 µm EEDs at the field center
of the Newtonian, Cassegrain, and Gregorian systems

when the TRT kit is deformed by self-weight. From
actual performance measurements, FWHM of the ob-
served point source at the field center is 5.53 µm, while
the pixel-convolved airy disk size is 3.96 µm. Optical
system of the TRT kit has been designed for the APS-
C detector with the size of 22.3 x 14.9 mm. The TRT
kit with a Newtonian configuration suffers from coma
aberration at the off-axis fields, so correcting optics are
needed to enhance performance to Nyquist limit over
the full field of view.

Stray light suppression performance is evaluated
from field test images with and without baffles, and ESF
from those images. Thanks to our simple but powerful
baffles, the image contrast has improved over 247%, and
brightness gradient over field angle, which is generated
by stray light, has significantly reduced.

Finally, we introduced the cross-laser alignment
module for fine alignment of the modularized exper-
imental kit. It helps users align the secondary mir-
ror with an accuracy of ±1.50′ for the Newtonian and
Cassegrain systems and ±0.95′ for the Gregorian sys-
tem. x-, y-decenter uncertainties of the primary and sec-
ondary mirrors are < ±40 µm and < ±49 µm, respec-
tively, owing to high-precision machining techniques.
The TRT kit guarantees despace uncertainty of ±5 µm
which is the minimum graduation of the linear stage.

In this paper, the TRT kit featured several progres-
sive designs, isogrid lightweight components, the alu-
minum profile as a base plate of the optical system, truss
structure for the secondary mirror holder, and the cross-
laser module that enable the kit to become a portable
and precise optical experimental kit. We expect that the
TRT kit and features applied to the kit to be utilized
for various optical tests and system developments.
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