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ABSTRACT
We present the design and measured performance of a new carbon fiber strut design that is used in a cryogenically cooled truss for the
Simons Observatory small aperture telescope. The truss consists of two aluminum 6061 rings separated by 24 struts. Each strut consists of a
central carbon fiber tube fitted with two aluminum end caps. We tested the performance of the strut and truss by (i) cryogenically cycling and
destructively pull-testing strut samples, (ii) non-destructively pull-testing the final truss, and (iii) measuring the thermal conductivity of the
carbon fiber tubes. We found that the strut strength is limited by the mounting fasteners and the strut end caps, not the epoxy adhesive or the
carbon fiber tube. This result is consistent with our numerical predictions. Our thermal measurements suggest that the conductive heat load
through the struts (from 4 to 1 K) will be less than 1 mW. This strut design may be a promising candidate for use in other cryogenic support
structures.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0093857
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I. INTRODUCTION
Instruments for measuring the cosmic microwave background

(CMB) have seen steady improvement in sensitivity in recent
decades.1 These improvements have primarily been achieved by
using larger detector arrays with more array elements and optical
systems that are cooled to cryogenic temperatures to minimize
unwanted thermal emission from the instrument.2–9 These two
instrument features have created a need for cryomechanical systems
that are capable of supporting the steadily increasing size and mass
of these instrument components.

A common approach is to support the instrument components
inside the cryostat with a truss system composed of struts.3,4,6,8,10–14

If the struts are properly designed, this approach delivers both the
mechanical strength needed to support and align the instrument
components and the thermal isolation needed to cool the various
temperature stages of the instrument. We discovered that the
strength of legacy truss designs does not scale with size as expected,
so we conducted a truss design study for the Simons Observatory
(SO) Small Aperture Telescope (SAT).6,8 This paper presents both
the design and the measured performance of the strut that emerged
from our study. This novel strut design could be useful for similar
trusses in future instruments.15,16

Our study focused on one of the five cryogenic trusses in the
SAT, which is described in Sec. II A. The mechanical and the thermal
requirements for the struts were set using this truss, and these
requirements are given in Sec. II B. We then describe the strut design
in Sec. II C and the expected performance in Sec. III. To ascer-
tain the ultimate strength of the struts, we made strut samples and
pull tested them to failure. These measurements are described in
Sec. IV A. We then assembled a truss using the struts and tested the
full assembly in a variety of ways. These measurements are described
in Sec. IV B. We also measured the thermal conductivity of the
carbon fiber tubes and presented results in Sec. IV C. Our study
validates the design philosophy, assembly procedure, and chosen
materials.

II. METHODS
A. Truss description

The truss consists of two aluminum 6061 rings separated by 24
carbon fiber struts. The larger diameter ring is thermally connected
to the second stage of a Cryomech17 PT420 pulse tube cooler (PTC),
henceforth referred to as the 4 K stage of the instrument, and the
smaller diameter ring is thermally connected to the still of a Blue-
Fors18 SD400 dilution refrigerator (DR), henceforth referred to as
the 1 K stage. The dimensions of the truss rings are given in Table I.
The struts are mounted 45○ from the planes of the truss rings, which
are separated by 48.17 mm.

TABLE I. 4 and 1 K truss ring dimensions.

Stage (K) OD (cm) ID (cm) Thickness (cm)

4 82.0 74.3 1.5
1 74.5 68.0 1.4

B. Performance requirements
The truss must be mechanically strong enough to support all

the instrument components mounted to the 1 K stage of the instru-
ment. This includes both the telescope optics, composed of silicon
lenses,6,8,19 and the detector system, composed of seven universal
focal-plane modules.2 The total mass of these components is 215 kg.
Additionally, the thermal load through the struts onto the 1 K stage
must be compatible with the overall thermal budget of the instru-
ment. The DR has a measured still cooling power of 30 mW at
1.2 K, so any thermal load on the 1 K stage through the struts must
be much less than 30 mW; we targeted less than 5% of the total
cooling power as a requirement for the parasitic load. Regarding
the mechanical strength requirement, we used the finite element
analysis (FEA) extension of SolidWorks20 to compute the expected
loads on each strut in five critical orientations. The maximum loads
from these simulations provided the strength requirements for the
struts.

The five truss configurations correspond to the telescope ele-
vation angles −90○, −45○, 0○, 45○, and 90○, and they are referred to
as configurations Nos. 1–5, respectively. An elevation angle of 90○

points the telescope up at the zenith, while an elevation angle of−90○

points the telescope down at the ground. These five orientations
form a basis upon which all other maintenance and observing ori-
entations of the instrument can be decomposed. We also expect that
the maximum strut loads will occur at these orientations because
they are points at which the projection of the gravity vector onto the
central axes of either the truss or the struts is maximized, minimized,
or zero.

Configuration No. 1 (el = −90○, telescope pointing down) puts
the struts in tension with the 1 K ring being pulled away from the
fixed 4 K ring. Configurations Nos. 2–4 (el = −45○, 0○, and 45○,
respectively) put the struts in a mixture of tension and compression.

FIG. 1. Simulation setups for configuration Nos. 3 (a) and 5 (b), as described in
the text. The green surface of the 4 K ring is fixed in simulation. The total mass
of the instrument components mounted to the 1 K truss ring is 215 kg, and the
associated center of mass is displaced 31.2 cm from the mounting surface of
the 1 K ring. The direction of the load is indicated by the small red arrow, and
the rigid fixtures are indicated by the red lines connecting the load to the 1 K ring
of the truss. The direction of gravity is indicated by the large red arrow in the center
of the truss. Struts a and x are called out in (a) and (b), and the direction of the
increasing strut letter (a to x) is indicated by the thick gray arrow wrapping around
the truss. Truss dimensions are given in Table I.
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TABLE II. The maximum tension, compression, and shear force values computed by
a finite element analysis of five limiting-case truss orientations. Note that the maxi-
mum compression assumes an acceleration of 10g, which simulates the effect of a
shock during site transport, and is intended to be a worst-case scenario. We used
these values as the strut strength requirements. The full results of this analysis are
given in Table VII.

Force type Force (N) Configuration

Tension 372 3
Compression 1450 5
Shear 35.9 5

Configuration No. 5 (el = 90○, telescope pointing up) puts the struts
in compression with the 1 K ring being pushed down onto the
fixed 4 K ring. We expect to perform routine observations between
20○ and 70○, so configuration No. 4 corresponds to an observing
configuration. The other configurations correspond to scenarios
not related to observation, including telescope maintenance and
transport.

Configuration No. 5 is special because the instrument is trans-
ported across the observatory in this orientation. Therefore, we
imposed more stringent requirements for this configuration. Here,
we assume that the magnitude of the load is 10 times the load under
1g to simulate the acceleration associated with an unexpected shock
to the instrument during transport. This is intended as an extreme
case, given that several protocols are in place to ensure shock loads
do not exceed 3g in reality.

Figure 1 shows the simulation setup for configuration Nos. 3
(a) and 5 (b), which are the truss orientations that exhibit the
highest individual strut loads. In all simulations, the assembly is fixed
at the surface of the 4 K ring that mates to the 4 K stage of the
cryostat. This surface is colored green in Fig. 1. The load on the
truss is represented by a point mass whose magnitude and location
are equal to the center of mass of all ≤1 K instrument components.
The point mass is rigidly attached to the 1 K ring of the truss in
simulation.

To compute the loads on the individual struts, the free-body
force F⃗ on each strut was extracted from the results of the five
different simulations. The free-body force was then decomposed
into its axial Fa and radial Fr force components as follows:

Fa = F⃗ ⋅ â (1)

and

Fr =
√
∣F⃗∣2 − F2

a , (2)

where â is a unit vector pointing along the length of the strut. The
full results of this analysis are given in Table VII, but the maximum
compression, tension, and shear values are reported here in Table II
for convenience. These maximum values serve as the performance
requirements for the struts.

C. Strut design
The strut consists of a central carbon fiber tube (Sec. II C 3)

fitted with two aluminum 6061 end caps (Sec. II C 1). The end caps
are affixed to the carbon fiber tube with epoxy adhesive (Sec. II C 2).
Mechanical drawings of the strut are shown in Fig. 2.

1. Aluminum end cap
Mechanical drawings of the end cap are shown in Fig. 3.

Each aluminum end cap consists of a socket, which is the interface
between the end cap and the carbon fiber tube, and a tab, which is the
interface between the strut and the truss. Two cylindrical flow chan-
nels were machined into the interior of the end cap sockets with a
woodruff keyseat cutter to increase the strength of the epoxy joints
(more in Sec. II C 2). A small hole was drilled through one side of
the end cap so that epoxy can be injected into the flow channels after
the carbon fiber tube is inserted. Another hole was drilled into the
closed end of the end cap so that the interior volume of the carbon
fiber tube can vent. Finally, the diameter of the socket at the closed
end, beyond the flow channels, is slightly smaller than the diameter
at the open end. This feature results in a tighter fit of the end cap

FIG. 2. Mechanical drawing of one strut
with dimensions. The units are in mm,
and the temperature is 300 K. The truss
discussed in this paper (see Figs. 1
and 6) is made with 24 of these struts.
The scale for details B and C is 4:1.
Detail C shows one of the two flow
channels described in Sec. III A.
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FIG. 3. Mechanical drawing of the strut end cap with dimensions. The units are
in mm, and the temperature is 300 K. The 3.18 mm hole shown in the left two
panels is the injection point for the epoxy adhesive. The fit between the carbon
fiber tube and the end cap at the back of the socket is designed to be tight to help
with alignment and to prevent epoxy adhesive from clogging the vent (see Fig. 2).
The diameter of the back of the socket is shown as 8.00 mm in the drawing, but
it is actually tailored to fit the measured diameter of the carbon fiber tube, which
varies because of manufacturing tolerances.

around the carbon fiber tube, which helps with alignment, and it
also prevents epoxy adhesive from flowing toward the closed end of
the end cap and clogging the vent hole during epoxy injection.

2. Epoxy adhesive joint
A schematic of the epoxy joint that forms inside the end cap

after the epoxy adhesive hardens is shown in Fig. 4. The bond
between the epoxy adhesive and the carbon fiber tube should be
very strong because the resin in the carbon fiber tube is also epoxy.
After hardening, the carbon fiber tube and the epoxy joint are effec-
tively one part, and the carbon fiber tube can only be pulled out
of the aluminum end cap if the epoxy joint cohesively fails or if
the aluminum socket fails. It is important to note that with this
approach, we are not relying on the strength of the adhesion at the
aluminum/epoxy interface because the carbon fiber tube is mechan-
ically captured inside the end cap after hardening. Even if the epoxy
fully deadheres from the aluminum, the carbon fiber tube will still
be captured in the end cap socket and the strut should not fail. Our
main design task focused on selecting the dimensions of the features
in the end cap socket so that the epoxy remains in the elastic limit at
both room temperature and at ∼1 K. If the strain in the epoxy joint is

FIG. 4. End cap schematic highlighting the epoxy joint. Each end cap has two
identical flow channels. The actual end cap dimensions are given in Fig. 3. See
Sec. II C 2 for more details.

too great, then the epoxy joint could crack, which could lead to strut
failure.

We did a series of calculations to determine the dimensions of
the features in the end cap socket. These calculations assume that
any thermal contraction in the carbon fiber tube is negligible when
compared with the thermal contraction of the aluminum and the
epoxy adhesive.21

In our calculations, the radius of the end cap socket is R and
the outer radius of the epoxy joint is J = r + d, where r is the radius
of the carbon fiber tube and d is the thickness of the epoxy joint.
At room temperature, R = J. At cryogenic temperatures (either 1 or
4 K in the truss), the aluminum and the epoxy joint will thermally
contract. After contraction, the various dimensions become

R′ = R (1 − αa), (3)

d′ = d (1 − αe), (4)

r′ = r, (5)

J′ = r′ + d′. (6)

In these equations, αe and αa are the integrated thermal contraction
coefficients for the epoxy adhesive and for aluminum 6061, respec-
tively. We chose to use 3M Scotch-Weld 2216 for the epoxy adhesive,
which has been studied for use in cryogenic applications.22–24 The
coefficient of thermal expansion is 102 (μm/m)/K between 273 and
313 K and 45 (μm/m)/K between 173 and 273 K.25 Using these
measurements, we assumed αe = 1.5 × 10−2 between 1 and 300 K.
This assumption is conservative because the measurements suggest
that the contraction is slowing as the temperature decreases, but we
are assuming linear contraction from 173 K down to 1 K. For the
aluminum, we used αa = 4.62 × 10−3.26
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At cryogenic temperatures, R′ will not necessarily be equal to J′.
This fact indicates that the epoxy joint is stressed into compliance,
and it is likely under tension or compression. The associated strain
in the epoxy joint is

ε = R′ − J′

d
= αe −

R
d

αa. (7)

If R′ > J′, then ε is positive and the epoxy joint is under tension. If
R′ < J′, then ε is negative and the epoxy joint is under compression.
Interestingly, it is possible for ε to be zero, in which case the epoxy
joint would experience neither tension nor compression, just as it
did at room temperature. Looking at Fig. 4, for the flow channels
in the end cap, d = d1 and R = R1; elsewhere, d = d2 and R = R2.
Given the chosen socket dimensions (see Fig. 3), at 1 K, we expect
ε1 = −8.4 × 10−3 in the flow channels (slight compression) and
ε2 = −0.17 elsewhere (strong compression). Here, ε1 is computed
with R1 and d1, while ε2 is computed with R2 and d2.

A similar argument holds for the length of the flow channels,
which is dimension L in Fig. 4. In this direction, the strain is

ε = [ L(1 − αa) ] − [ L(1 − αe) ]
L

= αe − αa. (8)

Since αe > αa, the epoxy adhesive in the flow channel will always be
in tension in the axial direction. Given the values of αe and αa we are
using, we expect ε in this direction to be 1.0 × 10−2.

The dimension d2 in Fig. 4 was chosen to mitigate the forma-
tion of voids and allow the epoxy to flow properly during assembly.
Inside the end cap socket, there are the two flow channels and two
flow restriction sections with a radius equal to r + d2. The epoxy
adhesive is injected through a hole in the side of the end cap that
leads to flow channel No. 1. The epoxy injection hole is shown in
Figs. 2–4. During injection, the epoxy adhesive will flow where the
cross-sectional area is largest, which is into flow channel No. 1. After
flow channel No. 1 is full, the epoxy adhesive is pushed through flow
restriction No. 1 and starts to fill flow channel No. 2. Now, flow
restriction No. 2 ensures flow channel No. 2 fills properly. The socket
cavity is assumed full when epoxy adhesive starts to emerge from the
bottom of flow restriction No. 2. Without the flow restrictions, the
flow channels may not fill completely, leaving air pockets that might
compromise the performance of the strut. The specific d2 dimen-
sion was chosen, so the cross-sectional area of the flow restriction is
slightly larger than the area of the epoxy adhesive injection/mixing
nozzle (see Fig. 5), which helps encourage flow. If d2 is too small,
then it is hard to push any epoxy past flow channel No. 1.

3. Carbon fiber tube
Three different carbon fiber tube variants were used in the strut

samples in this study. Two of the three variants were sourced by
Clearwater Composites,27 and they are referred to as CW1 and CW2
throughout this paper. The CW1 tubes28 have an 8.13 mm outer
diameter (OD) and a 6.35 mm inner diameter (ID). These tubes
are fabricated with multiple layers of high-strength unidirectional
carbon fiber prepreg29 and are wrapped with carbon fiber fabric.
The carbon fiber fabric is woven into a 2 × 2 (two over, two under)
twill pattern, and there are 3000 filaments in each tow (or bundle).
The CW2 tubes30 are similar to the CW1 tubes, except that they
have an 8.05 mm OD and a 7.09 mm ID and they lack the prepreg

FIG. 5. Epoxy adhesive injection system. The applicator pushes the accelerator
and the base (parts A and B) out of the cartridge and into a bayonet style static
mixing nozzle with a stepped tip. Inset (a) shows the elements in the nozzle that
mix the two parts. Inset (b) shows the stepped tip on the nozzle. The area of
the hole in the stepped tip motivated the chosen cross-sectional area of the flow
restrictions in the end cap (see Sec. II C 2).

contained in the CW1 tubes. The carbon fiber prepreg in the CW2
tubes was removed to reduce the cross-sectional area of the tube
wall. This change was made to improve the thermal properties of the
CW2 tubes at the expense of mechanical strength. The third carbon
fiber tube variant is manufactured by vDijk Pultrusion Products31

and made with a pultrusion process. We refer to these tubes as DPP
throughout this paper. The DPP tubes32 have an 8.00 mm OD and
a 7.00 mm ID. They feature straight Torayca T700 carbon fibers33

cured in high-temperature Bisphenol A epoxy resin, and there is
no fabric wrap. These tubes are easily deformed with radial finger
pressure.

D. Strut assembly procedure
The length of the bond section at the end of each carbon fiber

tube was abraded using a wet-sanding process. We used a 600 grit
SiC wet/dry paper for the DPP tubes and a 3M 7447 Scotch-Brite
pad for the CW1 and CW2 tubes. To check that the hydropho-
bic outer barrier of the carbon fiber was removed after sanding,
we used a standard water-break test. Afterward, most of the water
was removed with a compressed air blast, and then we allowed the
tubes to open air dry for at least 30 min before proceeding with the
assembly.

The end cap sockets were cleaned in an ultrasonic bath with
a mild detergent for 30 min and then thoroughly rinsed and dried
using compressed air. The bonding surfaces of the sockets were
abraded with a 9.5 mm stainless steel tube brush34 held in a battery
operated hand drill run on high speed in both directions for
several seconds. This brush was dipped in isopropyl alcohol before
and after each socket. Any remaining alcohol on the bonding surface
was removed with compressed air, and the end caps were allowed
to sit for an additional 10 min before proceeding with the strut
assembly.

Rev. Sci. Instrum. 93, 055106 (2022); doi: 10.1063/5.0093857 93, 055106-5

© Author(s) 2022

 25 M
arch 2024 09:15:47

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 6. A photograph of one truss dur-
ing assembly. The 4 K ring and the
1 K ring were held in place using three
brass jigs. The carbon fiber tubes and
the end caps were then installed. Finally,
the epoxy was injected into the end
caps. The struts in this truss were made
using CW2 tubes. This assembly method
ensured the rings were parallel and the
strut lengths were precisely correct. The
inset shows a close-up view of one end
cap. The assembled truss was strength
tested, and the test results are given in
Sec. IV B. For scale, the inner diameter
of the 1 K ring is 68 cm.

The tube-socket assemblies were then secured using fixtures
that provided the appropriate alignment and spacing of the end caps
(see Fig. 6 for the truss and Fig. 15 later in Sec. IV for the strut
samples). Within 90 min of the surface preparation, the joints were
bonded with Scotch-Weld 2216 Gray epoxy adhesive using the mix-
ing nozzle/injection method through the 3.18 mm hole in the socket
(see Fig. 3). Adhesive was injected until it flowed out from between
the socket and the tube around the entire tube surface. The nomi-
nal cure time for the epoxy is seven days at 300 K, but this decreases
to 120 min at 339 K. The strut samples were cured on the fixture at
room temperature for 65 h and then in an oven at 339 K for 120 min.
After cooling, they were removed from the fixture. The struts on the
truss shown in Fig. 6 were allowed to cure for seven days at 300 K
because we wanted to preserve the truss alignment.

III. PREDICTED STRENGTH OF STRUT COMPONENTS
A. Aluminum end caps

We conducted a finite element analysis of the end cap using
SolidWorks to identify weak points in the part and to predict the
yield strength. The part is expected to be at least as strong in com-
pression as in tension.35 Our simulation results were consistent with
this expectation, so this section includes the results of the FEA
simulations in tension only. We performed the analysis under two
scenarios: when the adhesion between the epoxy and the walls of the
end cap socket was successful and when it failed. In each scenario,
we applied a sinusoidally distributed bearing load to the upper sur-
face of the screw hole and fixed the surfaces in the flow channels of
the end cap, as shown in Fig. 7. These two assumptions are inten-
tionally conservative. In the truss assembly, the compression force
provided by the tightened screw will improve the performance by

distributing the loading. The FEA effectively shows what will hap-
pen if the screws are loose, which is a worst-case scenario. We chose
to fix the surfaces in the flow channels because we expect more dis-
tortion near the screw hole; if we, instead, fixed the screw hole and
loaded the flow channels, deformation would be prevented near the
hole, yielding a less realistic result.

Table III contains the maximum simulated values for stress,
strain, and displacement and the minimum factor of safety (FOS) for
each scenario under the maximum expected load of 372 N. The dif-
ferences between the two results are small, and the computed factor

FIG. 7. Surfaces used in the FEA of the end cap (highlighted in blue). A bearing
load was applied inside the screw hole in the end cap tab (a). To simulate adhesive
success, the surfaces shown in (b) were fixed. To simulate adhesive failure, the
surfaces shown in (c) were fixed. In the case of adhesive failure, the bond between
the epoxy and flow channel walls fails, and the epoxy exerts a normal force on the
lower ridge of each flow channel.
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TABLE III. Simulation results for the cases of adhesive success and failure at the
maximum expected load of 372 N. Values for each property are shown to the first
digit at which the two cases differ. Maximum stress refers to the von Mises stress.

Property Success Failure

Maximum stress (MPa) 111.582 111.585
Maximum displacement (mm) 0.012 0.013
Maximum strain 1.271 82 × 10−3 1.271 81 × 10−3

Minimum FOS 2.465 2.464

of safety is the same in the fourth significant figure, suggesting that
in the limit of adhesive failure, the altered force distribution from
the epoxy does not make the end cap significantly more likely to fail
by yielding. A major advantage of this design is that in the event of
adhesive failure, the epoxy has hardened around the carbon fiber and
into the flow channels, so the end cap cannot pull free except in the
case of bulk failure of the epoxy.

To estimate the load and location at which the end caps begin
to undergo plastic deformation, we applied a series of bearing loads
to the inside of the screw hole in the tab of the end cap, ranging from
70.4 N to 3.00 kN, as shown in Fig. 8. For each load, we identified the
locations of greatest stress, compared the maximum modeled von
Mises stress to the yield strength, and identified the minimum factor
of safety in the part.

Figure 8 shows the von Mises stress over the entire end cap
when this range of bearing loads is applied. The von Mises stress
is useful because it characterizes a three-dimensional stress scenario
in a ductile material, as a single quantity representing the energy per
unit volume in the part due to internal distortion under stress. The
commonly used distortion-energy theory of failure predicts that a
part will exit the elastic regime and undergo permanent deformation
when the von Mises stress exceeds the yield strength of the material
(see Ref. 35 for more details). The von Mises stress σ′ is defined as

σ′ = 1√
2
[(σx − σy)2 + (σy − σz)2 + (σz − σx)2

+ 6(τ2
xy + τ2

yz + τ2
zx)]

1
2
, (9)

where σx, σy, and σz represent the tensile stresses applied along
the principal axes and τxy, τyz , and τzx represent the shear stresses
applied in the plane of the first subscript along the direction of the
second subscript. Figure 8 shows that the maximum von Mises stress
anywhere in the part remains well below the yield strength of alu-
minum for the expected loads found in Table VII. It also shows that
yielding first appears around 914 N.

Figure 9 shows the FOS over the whole end cap with a 372 N
load applied. Here, the FOS is defined as the ratio of the load at which
the part yields to the maximum expected load; a part is considered
safe when the FOS at any location meets or exceeds the chosen min-
imum FOS. We use the FEA to predict the FOS distribution over

FIG. 8. Results of the FEA described in Sec. III. Here, we show the von Mises stress under loads of 70.4, 372, 914, 1450, 2000, and 3000 N. The minimum and maximum
loads expected during observations are 70.4 and 372 N; the 1450 N load estimates an accidental instrument drop during site transport (see Sec. II B and Table VII). At
914 N, the FOS becomes 1 in the end cap near the screw hole (see Fig. 9). The 2 and 3 kN loads are useful for understanding the pull-test measurements (see Sec. IV A).
Red indicates where the aluminum is stressed beyond the 275 N/mm2 yield strength. The scale is capped at the ultimate strength of aluminum, 310 N/mm2; locations where
stress exceeds 310 N/mm2 are colored pink. These plots correspond to simulations conducted in the adhesive failure limit. Adhesive failure allows for more deformation in
the base and yields a marginally greater von Mises stress.
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FIG. 9. (a) Factor of safety under a load of 372 N. This is the highest expected
load under normal use, according to Table VII. (b) Factor of safety under a load of
914 N. This is the load where the minimum FOS is 1. (c) Factor of safety under a
load of 1450 N. This is the load that estimates the effect of an unexpected instru-
ment drop. FOS is defined as the ratio of the load at which yielding occurs to the
highest expected load. The weakest part of the end cap is inside the screw hole in
the tab. The other weak points are the corners where the end cap tab meets the
cylindrical base.

the end cap using the convention that the von Mises stress anywhere
in the part represents the maximum expected load in that location
under the chosen applied load (in our case, 372 N). Given the loads
predicted in Table VII and the shape and material of the end cap, our
FEA shows that the minimum FOS is 2.4 (see Fig. 9), so we expect the
part to exceed the requirement for this application. Figures 8 and 9
reveal that the region around the screw hole experiences the greatest
stress and has the lowest FOS, so this is where we expect the end cap
to yield and/or fail first.

It is important to note that in theory we expect the part to be
even stronger at cryogenic temperatures. The yield strength of alu-
minum 6061 is 29% higher at 4.26 K than at room temperature, so
the factor of safety will increase by this same factor.36

B. Carbon fiber tubes and epoxy adhesive
The expected strength of the carbon fiber tubes and the epoxy

adhesive was computed using information from the various manu-
facturers. vDijk Pultrusion Products provided the tensile modulus,
the tensile strength, and the compression strength of the DPP tubes.
Clearwater Composites provided the tensile modulus and the tensile
strength of the CW1 and the CW2 tubes. All these material property
values assume that the ambient operating temperature is ∼300 K.
Using this information and the nominal dimensions of the tubes,
we calculated the ultimate strength of the DPP tubes in tension and
compression and the ultimate strength of the CW1 and CW2 tubes
in tension. The results of these calculations are given in Table IV.
3M provides lap shear values for the Scotch-Weld 2216 Gray epoxy
adhesive at both 19.2 and 297 K. We calculated the expected strength
of the epoxy joint at these two temperatures using the lap shear

TABLE IV. Carbon fiber tube dimensions and calculated/expected strength.

Property Unit DPP CW1 CW2

Outer diameter mm 8.00 8.13 8.05
Inner diameter mm 7.00 6.35 7.09
Wall thickness μm 500 889 483
Cross-sectional area mm2 11.8 20.2 11.5

Tensile modulus GPa 140 83.4 57.9
Tensile strength GPa 2.50 0.880 0.485
Compression strength GPa 1.60 N/A N/A

Ultimate strength of tube
in compression

kN 18.8 N/A N/A
lbf 4240 N/A N/A

Ultimate strength of tube
in tension

kN 29.5 17.8 5.56
lbf 6630 4000 1250

Ultimate elongation % 1.8 1.1 0.84

information and the approximate area of the epoxy joint. The epoxy
strength calculation results are shown in Table V.

C. Stainless steel screws
The struts are secured to the edge of the truss rings with M4

316 stainless steel screws (see Fig. 6). At this interface, the screws
primarily experience shear stress τ according to

τ = Fapplied

Ascrew
= 4 Fapplied

π d 2
minor

, (10)

where Fapplied is the shear force applied to the screw by the strut
end cap and Ascrew is the cross-sectional area of the screw, calculated
using the minor diameter dminor, which is 3.14 mm for an M4 screw.
The minor diameter is the narrowest and, therefore, weakest part
of the screw, so using dminor in the calculation gives a lower limit.37

TABLE V. Epoxy joint details and calculated/expected strength. The area used in the
strength calculation is the area of the interface between the epoxy and the end cap
socket, excluding the flow channels. Therefore, the calculated strength here is the
maximum strength one might expect from a socket without flow channels.

Property Unit DPP CW1 CW2

Outer diameter mm 8.26 8.26 8.26
Inner diameter mm 8.00 8.13 8.05
Thickness μm 254 127 203
Length mm 12.0 12.0 12.0
Area ×104 m2 3.11 3.11 3.11

Lap shear (19.2 K) MPa 16.8 16.8 16.8
Lap shear (297 K) MPa 22.1 22.1 22.1

Strength (19.2 K) kN 5.23 5.23 5.23
Strength (297 K) kN 6.86 6.86 6.86

Strength (19.2 K) lbf 1180 1180 1180
Strength (297 K) lbf 1540 1540 1540
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The shear stresses of interest are the shear yield strength38 τy and the
shear ultimate strength39 τu. To calculate the corresponding loads
that can be applied to the screws, we use the standard approxima-
tion predicted by distortion-energy theory,35 τY = σY/

√
3 and τU

= σU/
√

3, where σY and σU are, respectively, the yield and ultimate
strength of 316 stainless steel in pure tension at room temperature.
Rearranging Eq. (10) gives the applied loads required to produce
each of the shear stresses of interest,

Fy = τy ×
π
4
(dminor)2 (11)

and

Fu = τu ×
π
4
(dminor)2. (12)

For 316 stainless steel, we assume that σY = 410 N/mm2 40 and σU
= 550 N/mm2, which is the ultimate strength value provided by
SolidWorks. Therefore, we expect that Fy = 1.8 kN and Fu = 2.4 kN.
Again, these are lower limits, given our conservative assumptions.
We also expect somewhat better performance at cryogenic tem-
peratures as yield strength tends to increase with the decreasing
temperature.41

IV. RESULTS
Our testing program included (i) individual strut testing,

(ii) assembled truss testing, and (iii) measurements of the thermal
conductivity of the carbon fiber tubes. The results from these tests
are reported in Secs. IV A–IV C, respectively. The individual strut
testing program had two main objectives. First, we wanted to verify
that the struts meet the strength requirements (Sec. II B) and that
the measured performance is repeatable. Second, a reasonable match
between measurement and theory (see Sec. III) would provide con-
fidence in our end cap design philosophy (Sec. II C). The assembled
truss testing was done to ensure that the deployed SO trusses will
meet the strength requirements and behave as expected when the
instruments are assembled and operating. The thermal testing was
done to show that the thermal conductivity of the carbon fiber tubes
is suitable for this application. Some ancillary tests are described in
Appendix B.

A. Strut testing
We used an Instron42 Model 5985 to test the strength of the

various strut architectures. The Instron is an electromechanical test-
ing system that applies a tensile or compressive force to a specimen
held in a set of grips (see Fig. 10, for example). During a test, a force
transducer (load cell) measures the applied force, and an extensome-
ter measures changes in the length of the specimen. This particular
Instron model can apply forces of up to 250 kN (56 200 lbf). When
a test runs, the Instron records a measurement of the applied force
and the associated displacement. If, for example, the specimen is a
solid aluminum cylinder and a tensile test is run, then the resulting
measurements can be straightforwardly converted to stress and
strain using the cross-sectional area of the specimen. The slope of
the stress data plotted vs the strain data in the elastic limit gives the
tensile modulus of the specimen. Since each strut consists of many

FIG. 10. Left: A photograph of one CW2 strut (strut No. 21) mounted in the Instron
Model 5985 before testing. Note that steel pins were used to mount the strut in
the test jig because calculations showed that M4 stainless steel screws we use in
the truss would fail before any of the other strut elements. The measurement was,
therefore, focused on testing the aluminum end cap, the epoxy, and the carbon
fiber tube. The force vs displacement data from this test is plotted in Fig. 14. Right:
A photograph of the same strut after the pull testing finished. The failure point can
be seen in the bottom end cap. The dimensions of the strut are given in Figs. 2
and 3.

components made from different materials with different cross-
sectional areas, the conversion to stress and strain is complicated
and unnecessary, so we report our results as the applied force vs the
measured displacement.

We made a total of 25 struts and four epoxy samples for design
verification testing. The strength of these elements was measured
with the Instron during two rounds of testing.43 For round one,
we prepared the first twenty struts on a custom jig. The round-one
struts were numbered 1–20. Struts 1–10 were made with CW1 tubes,
and struts 11–20 were made with DPP tubes. For round-two testing,
we prepared five CW2 struts on the same jig and numbered them
21–25. We also prepared four samples that were specifically designed
to allow us to study the strength of the epoxy joint that holds the
aluminum end caps to the carbon fiber tubes. These epoxy test
samples had modified end caps, which can be seen in Fig. 11. In par-
ticular, we wanted to see if the flow channels worked as expected
(see Sec. II C and Figs. 2 and 3). The CW2 tubes are custom-made
because the prepreg is removed. Consequently, the tests were done
in two rounds. The DPP and CW1 tubes were available off-the-shelf,
so we started our testing program with these tubes. The results of the
round-one testing advised the round-two testing.

One of our primary concerns is fracture and fatigue in the
epoxy joint and/or the carbon fiber tube caused by cryogenic cycling.
To investigate these issues, struts 1–5 and struts 11–15 were ther-
mally cycled in a liquid nitrogen (LN2) bath five times before
testing them in the Instron. For the thermal cycle, we first quickly
submerged (shocked) the struts in the LN2 bath and then allowed
them to thermalize for ∼3 min. We were confident that the struts
had thermalized because the LN2 first violently boiled after the struts
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FIG. 11. Photographs of the epoxy pull tests. Left: One of four samples mounted
in the Instron Model 5985 before testing. This sample has the same carbon fiber
tube, epoxy adhesive, and end cap socket as the struts. The interface between the
end cap and the Instron grips, however, was modified to avoid the mounting hole
failure (see the right panel of Fig. 10). This measurement was, therefore, focused
on testing the epoxy strength and the tensile strength of the carbon fiber tube. The
data from this measurement are shown in the lower right panel of Fig. 14. Right: A
photograph of the same strut after the pull testing finished.

were submerged. By the end of 3 min, the boiling appreciably qui-
eted down. After removing the struts from the LN2 bath, we placed
them in a thermally insulating stainless steel bowl full of dry nitro-
gen boiloff for inspection. The inspection took ∼4 min. We then
warmed the struts to room temperature with a heat gun, which took
∼3 min. None of the struts broke or showed signs of fatigue during
the thermal cycling process.

We wanted the testing program to reveal the strength of the
epoxy joint or at least show that the epoxy joint is not the weakest
element in the strut. Our initial estimates showed that the screws
were expected to be the weakest element in the strut, so we tested
them independently in an effort to better test the strength of the
epoxy joint. Given the design of the struts and the truss, the screws
experience a shear stress, so we made a jig for the Instron that
stresses screws in shear. A photograph of this test jig is shown
in Fig. 12. We tested three screws to failure. The screws failed in
shear as expected, and the measurements (see Fig. 13) show that the
stainless steel yields around 3.0 kN.

We tested ten DPP struts, ten CW1 struts, and four CW2 struts
to failure in tension using the jig shown in Fig. 10. Note that the M4
stainless steel screws were not used in these tests; a stronger steel
pin was used instead. We also tested the four epoxy samples. Data
from all 28 tests are shown in Fig. 14. The results were consistent
from strut to strut. The struts that were cryogenically cycled showed
the same strength as the struts that were not cryogenically cycled.
A photograph of the CW1 and DPP struts after tension testing is
shown in Fig. 15.

B. Truss testing
After individual struts were shown to have met the neces-

sary strength requirements, the full truss was assembled using the
CW2 type carbon fiber. Jigs were used to correctly space the two
truss rings and the struts were epoxied in place on the jigged truss
(see Sec. II D and Fig. 6). Prior to installation in the SAT, the truss
underwent four non-destructive tests to confirm it would meet the

FIG. 12. Left: Photo of the pull test setup for the screw testing. This setup is
designed to simulate the edge of one of the Simons Observatory trusses. Right:
Photo of the three screws after testing. The screws failed as expected, given the
shear stress. A new tapped hole was used for each screw test because we were
concerned that the threads in the tapped hole would be damaged after the pull
test. The screw numbers in the photo correspond to the curves in Fig. 13.

loading requirements driven by the different use cases of the fully
assembled instrument, as described in Sec. II B.

The first test simulated stresses caused by differential thermal
contraction. When cooling the SAT from room to operating tem-
perature, the 4 K ring cools faster than the 1 K ring. This causes
differential thermal contraction up to a maximum radial displace-
ment of 1.5 mm, which flexes the struts inward. Appendix B shows
that individual struts flexed by this amount remain in the elas-
tic region of the force vs displacement curve. To test this stress

FIG. 13. Force vs displacement measurements for the three M4 stainless steel
screws that were studied in screw shear test (see Fig. 12). These measurements
show that the screws yield when loaded with ∼3.0 kN (670 lbf).
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FIG. 14. Force vs displacement measurements for the CW1, CW2, and DPP struts and the epoxy samples. Top row: CW1 results (struts 1–10). Middle row: DPP results
(struts 11–20). Top left and center left: cryo-cycled results (struts 1–5 and struts 11–15). Bottom left: CW2 results (struts 21–24). See Fig. 10. Bottom right: epoxy results.
The test setup is shown in Fig. 11, and the expected strength is given in Table V.

condition on the full truss, the 4 K ring was submerged in LN2
until it thermally equilibrated. The 1 K ring and half the struts
remained above the liquid level at a warmer temperature. The truss
was then brought back to room temperature in a bag of nitro-
gen gas to avoid condensation. This procedure was repeated five

times to mimic repeated cryogenic cycling. Afterward, the truss was
inspected for damage, with particular attention paid to the epoxy
joints. No damage was observed.

The other three tests subjected the truss to compression, ten-
sion, and shear stresses and were performed after the LN2 cycling.
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FIG. 15. A photograph of the DPP and
CW1 struts after the tension testing.
The number written on each strut corre-
sponds to the curve number in Fig. 14. All
struts except strut No. 12 failed near the
mounting hole for the M4 screw in one of
the two the aluminum end cap tabs. The
failure modes observed are similar to the
failure modes predicted by the FEA anal-
ysis (see Fig. 8). Struts 1–5 and 11–15
were thermally cycled to 77 K five times
before running the tension test.

To simulate the shear stress (configuration No. 3), the truss was
placed in an Instron using two flat plates bolted to the truss rings
that, in turn, interfaced to the Instron attachment points. The 4 K
ring remained fixed, while a 4.2 kN force was gradually applied
to the 1 K ring parallel to the plane of the truss. This test load is
approximately two times the load we expect from the instrument
components in the SAT under 1g. The truss remained in the elastic
region of the measured force vs displacement curve and showed no
visual signs of damage. The Instron could not be used for the com-
pression and pull tests as the truss was too wide to fit in the machine.
Instead, weights were used to reach the desired test load levels. For
the compression test (configuration No. 5), weights totaling 10.5 kN
were stacked on top of the metal plate attached to the 1 K ring of the
truss. This test load is approximately five times the load we expect
in the SAT under 1g. For the tension test (configuration No. 1), the
truss was suspended from a hoist attached to the plate mounted on
the 1 K ring of the truss and weight totaling 4.2 kN was suspended
from the plate attached to 4 K truss ring. In both cases, care was
taken to make sure that an even weight distribution was maintained
across the truss. After each test, the truss was visually inspected for
damage, and none was observed. After passing all four tests, the truss
was installed in the SAT and has since undergone several cryogenic
cycles without issue.

C. Thermal testing
As many CFRP materials currently on the market are made

with proprietary material compositions and fabrication processes, it
is important to measure the thermal conductivity at cryogenic tem-
peratures. The thermal isolation provided by the composite material
can vary greatly due to the amount and type of binding polymer,
the fiber fill density, and directional layup used with the carbon
fiber. CFRP rods from both sources discussed in Sec. II C 3—from
Clearwater Composites (CW1 and CW2) and from vDijk Pultrusion
Products (DPP)—were thermally characterized via direct cryogenic
measurements.

1. Clearwater Composites
The CFRP tubes used for the Clearwater Composites thermal

conductivity measurements have a 1.68 mm ID and a 0.38 mm
wall thickness. These tubes are custom-made and cut to our desired
lengths by the manufacturer. Figure 16 shows the results of testing
the CW tubes in two different configurations. The first configu-
ration, denoted by “CW tube” in Fig. 16, is constructed of a set

of twelve tubes cut to 24.4 mm lengths, which were epoxied into
two copper mounts using Stycast 2850 FT. This assembly was then
mounted to the mixing chamber of a dilution refrigerator with
both a ruthenium oxide thermometer and a heater mounted to
the thermally isolated end. The conductivity of the tubes was then
measured by applying known amounts of power to the thermally iso-
lated end and measuring its temperature change. This measurement
was performed, while the end connected to the thermal bath was
held at three different mixing chamber temperatures: 100, 250, and
500 mK. The next experimental configuration more closely resem-
bles the truss described in this paper. The assembly consisted of
two sets of CFRP tubes mounted between intermediate tempera-
ture rings. The first set of eight tubes is 62.2 mm long, and the next
set consists of eight 25.4 mm long tubes. This assembly was then
mounted to the still of a 3He adsorption refrigerator. The thermal
conductivity results, denoted by “CW assembly” in Fig. 16, were
taken at both 270 and 360 mK bath temperatures. The data agree
across multiple bath temperatures and experimental configurations,
ensuring a robust understanding of the thermal properties of the
material. The best-fit κ(T)model for the CFRP used in the CW tubes
is given in Table VI.

FIG. 16. Measured cryogenic thermal conductivities of Clearwater, DPP, and
Graphlite CFRP rods, along with best-fit curves from the published measurements
of Graphlite.44,45
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TABLE VI. Best-fit thermal conductivity models. These models are plotted along with
the measurements in Fig. 16.

CFRP type κ(T) (μW mm−1 K−1) Temperature range

CW 7.5T1.2715 0.1 K ≤ T ≤ 5.0 K
DPP 5.43T − 1.27 0.7 K ≤ T ≤ 1.8 K
DPP 3.38T + 4.53 1.5 K ≤ T ≤ 4.0 K
Graphlite 4.95T + 7.84 1.5 K ≤ T ≤ 4.0 K

2. DPP
To characterize the thermal conductivity of DPP, test samples

were prepared in a similar manner via the setup described in
Ref. 12. Solid rods with a diameter of 10 mm and a length of 5 cm
were attached via Stycast 2850 FT epoxy to a copper heat sink on
one end and to a small copper tab with a heater and thermometer
on the opposite end. The heat sink was provided by liquid 4He and
liquid 3He baths in two complimentary configurations to extend the
dynamic range of the measurement. By applying varying amounts of
Joule power to the floating end of the sample, the thermal conduc-
tivity of the sample may be determined from the first derivative of
the resulting relationship between the floating side temperature and
applied power.

The results of these measurements are shown in Fig. 16. Due
to the relatively small temperature ranges probed in each individual
measurement, the data are not sufficiently constraining for power
law fits. Phenomenologically, however, linear fits may be used to
estimate thermal loading in practical structures. The best-fit κ(T)
models for the DPP tubes are given in Table VI.

As a cross-check, samples of Graphlite™ were also tested side-
by-side in the measurement setup. Graphlite is a similar CFRP
that has been used in cryogenic support structures, and its thermal
conductivity has been previously measured by other groups.44,45

Our measurement agrees with previous measurements to within
uncertainties, giving additional confidence in the DPP measurement
results. The best-fit κ(T)model for Graphlite is given in Table VI.

We ascribe a global 15% uncertainty to these measurements,
resulting from a combination of residual temperature dependence
of the heater, the precision of the physical dimensions of the sample,
and parasitic thermal paths through wiring and radiation.

3. Loading prediction
Given the above measurements for the thermal conductivity of

the CW tubes, we can estimate the amount of conductive loading we
expect to see from the struts in our truss. While the CW tubes we
used for our thermal conductivity measurements are not identical to
the CW we ultimately used in our struts, we assume here that they
are sufficiently similar for the purposes of a rough loading estimate.
We estimated the total conductive loading on the 1 K stage of the
instrument as

Q̇struts = Nstruts(
Astrut

lstrut
)∫

T2

T1

κCW(T) dT. (13)

Here, Nstruts = 24, Astrut = 11.8 mm2, lstrut = 31.0 mm, T1 = 1 K, and T2
= 4 K, and we find Q̇struts = 0.67 mW. Given that our BlueFors SD400

DR has a measured still stage cooling power of 30 mW at 1.2 K, this
load is well within our thermal budget.

V. CONCLUSION
This study shows that our aluminum end cap design with

the flow channels inside the socket works well for this applica-
tion. The strength performance is repeatable from strut to strut. We
did not observe any fracturing when the strut samples were ther-
mally shocked with LN2, and the measured strength of the thermally
shocked strut samples was the same as the strength of the struts
that were not shocked. The carbon fiber tube variant used in the
strut does not seem to affect the overall strength because the lim-
iting elements are the screws and the tab in the end cap, not the end
cap socket, the epoxy adhesive, or the carbon fiber tube. We ulti-
mately chose to use the CW2 tubes for the SAT because they are
more robust to handling. The pull-test measurements indicate that
the struts will start to yield when the load is ∼2.0 kN, which means
that the measured FOS is 5.4 in the worst case for normal operation
and 1.4, assuming an unexpected 10g shock during site transport.
Our measurements of the thermal conductivity of the CW2 tube
variant suggest that the heat load on the 1 K stage of the instrument
through the struts in the truss should be ∼2% of the cooling power of
the 1 K stage of the DR, which meets our requirement. The assem-
bled truss has worked as expected both mechanically and thermally
in laboratory validation testing of the SAT.

VI. DISCUSSION
There are two discrepancies between the expected and the mea-

sured strut performance that are worth noting. We include possible
explanations here.

First, the epoxy sample (see Fig. 11) measurements show that
the epoxy joint starts to fail when the tensile load is ∼3.0 kN, and
the epoxy fully fails near 5.0 kN. Calculations using lap shear values
from the epoxy manufacturer show that the epoxy joint should be
able to hold ∼6.9 kN at 300 K before cohesively failing, so our
measured strength is somewhat less than predicted, even though
it greatly exceeds the performance requirement. The discrepancy
(5.0 vs 6.9 kN) could come from the bond line thickness. Our bond
line thickness is greater than the bond line thickness used in stan-
dard lap shear measurements. A greater bond line thickness should
weaken the joint, which is what we observed.

Second, the M4 stainless steel screws that fasten the struts to
the truss rings yielded when the axial load was ∼3.0 kN. We cal-
culated that they should yield at 1.8 kN, so our measured result is
somewhat better than the prediction. One possible explanation for
this discrepancy is the screws do not fail in shear, as described by
distortion-energy theory, but more in tension or a combination of
shear and then tension (see failure points in Fig. 12). In tension, an
M4 screw should yield at 3.1 kN.

A common additional source of heating in CMB instru-
ments comes from low-frequency vibrations that couple to the low
temperature stages of the instrument via the supports. However,
because the nature of this coupling strongly depends on the overall
cryostat design and vibrational environment of the instrument, we
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have not considered it here. Instead, an analysis of heating from
vibrations in the SAT will be described in a future publication.46

The framework we have outlined for the design, fabrication,
and assembly of this strut is general. We have already scaled this
design to CFRP struts with OD = 3 mm and ID = 2 mm for
other trusses in the SAT and seen proportional results. While the
nuances of the geometry are different, the procedure for designing
the flow channels, preparing the end caps and CFRP tubes, and
assembling the struts is the same. The design we have presented
can, therefore, serve as the foundation for the design of the low
temperature supports of future CMB instruments. Other fields that
are also increasing the scale of their low temperature technology,
such as quantum computing, might look to this design for future
instruments.
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APPENDIX A: STRUT STRENGTH SPECIFICATION

In this appendix, we give the full results of the truss FEA
(see Sec. II A). The expected axial and radial force on each strut
for each of the five configurations is listed in Table VII. Note that a
positive axial force corresponds to a strut in tension, and a negative
axial force corresponds to a strut in compression. All radial forces
are positive by definition.

TABLE VII. Expected radial and axial strut forces for five limiting-case truss configurations computed with FEA. The units are newtons. Note that configuration No. 5 was
simulated with 10 times the true load to simulate an unexpected drop of the instrument during site transport. The strut letter here corresponds to the strut letter in Fig. 1.

cfg. no. 1 (el = −90○) cfg. no. 2 (el = −45○) cfg. no. 3 (el = 0○) cfg. no. 4 (el = 45○) cfg. no. 5 (el = 90○)

Strut Axial Radial Axial Radial Axial Radial Axial Radial Axial Radial

A 70.4 1.61 137 4.00 123 4.15 37.3 1.88 −695 15.0
B 108 3.60 260 7.27 260. 6.25 107 2.41 −1070 35.9
C 117 3.57 114 7.62 44.3 7.35 −51.1 2.63 −1150 34.8
D 98.1 2.45 259 3.58 269. 3.55 121 2.72 −969 23.7
E 144 2.83 5.61 5.98 −136 5.72 −198 2.47 −1420 28.8
F 138 3.24 350 3.04 358 3.32 156 3.10 −1370 32.7
G 99.8 2.30 −74.7 5.14 −205 5.49 −216. 3.17 −985 22.0
H 109 3.50 230 1.66 217 4.97 76.5 5.55 −1070 34.9
I 109 3.46 −162 2.57 −337 3.70 −316 4.19 −1070 33.6
J 97.6 2.27 88.5 3.30 27.6 6.79 −49.5 6.27 −962 22.1
K 136 2.97 −161 2.21 −363 5.18 −352 5.60 −1340 30.2
L 137 2.82 −8.67 2.62 −150 6.94 −202 6.73 −1360 29.7
M 95.6 2.20 −55.4 2.20 −174 5.08 −190 5.43 −942 21.7
N 109 3.41 −108 2.43 −261 6.11 −262 6.41 −1080 33.3
O 107 3.44 51.3 2.68 −34.1 7.23 −100 7.47 −1050 34.6
P 98.0 2.25 −121 2.80 −269 3.55 −259 3.58 −966 21.9
Q 137 2.84 201 2.20 147 5.83 6.95 5.93 −1360 29.7
R 137 2.82 −155 3.42 −356 3.60 −349 3.08 −1360 29.1
S 100 2.27 223 3.01 214 6.17 80.5 5.26 −988 22.3
T 108 3.54 −76.7 5.79 −217 5.00 −229 1.89 −1070 34.5
U 114 3.47 327 4.32 348 4.10 165 2.90 −1130 35.5
V 98.4 2.39 50.2 6.50 −27.5 7.02 −89.0 3.26 −972 23.7
W 146 3.04 367 5.80 372 5.31 160 2.24 −1450 31.8
X 138 3.36 203 7.25 150 6.82 8.65 2.58 −1360 27.4
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APPENDIX B: ANCILLARY TESTS

In addition to the tests described in Sec. IV A, we ran some
additional tests that were less conclusive, but the results are worth
reporting. We include the results from these additional tests in this
appendix.

The fifth CW2 strut (strut No. 25) was tested in shear. For
this test, we made a separate mounting jig for the Instron, which
is shown in Fig. 17. This jig initially stressed the strut in shear
and then in tension as the displacement grew. The measurement is
plotted in Fig. 18, and it shows that the end caps remain in the elastic
limit for approximately the first 2 mm of displacement. This result
suggests that the differential thermal contraction effect described in
Sec. IV B will not cause the struts to fail. We stopped the test when
the displacement grew to ∼20 mm. None of the strut elements failed,
though the two end caps did plastically deform.

FIG. 17. Left: Photo of the shear test setup before the force was applied. Right:
Photo of the strut when the measurement was stopped. For scale, the dimensions
of the strut are given in Fig. 2.

FIG. 18. Results from the strut shear test. A force vs displacement measurement
for one CW2 strut is plotted. The most relevant part of the data appears in the main
plot, and the full dataset is plotted in the inset for completeness. The aluminum
end cap starts to yield when the displacement is ∼2 mm. For the SO truss, the
worst-case deflection is expected to be 1.5 mm (see Sec. IV B).

FIG. 19. Force vs displacement measurement for two CW2 struts tested in com-
pression. We suspect that the general shape of the two curves is produced by
the way the carbon fiber tube moved through the broken epoxy in the end cap
socket, so this part of the measurement is likely irrelevant. The sharp feature at
the top of the two curves is produced when the carbon fiber tube breaks. There is
no compression-strength prediction for the CW2 tubes, but this result is similar to
the tensile-strength prediction in Table IV.

After the four epoxy samples were pull tested to failure, we
decided to use two of them (samples Nos. 2 and 3) to also test the
CW2 tubes in compression. Figure 11 shows a photo of one epoxy
sample after the epoxy joint was broken and the carbon fiber tube
was pulled from the end cap. Neither the carbon fiber tube nor the
end cap were damaged, so for the compression test, we reinserted
the carbon fiber tube back into the end cap and then installed the
compression specimen in the Instron grips. The data from the two
compression measurements are plotted in Fig. 19. In compression,
the CW2 tube in sample No. 2 broke at ∼5.3 kN, and the CW2 tube
in sample No. 3 broke at ∼4.4 kN. There was no prediction for the
strength of the CW2 tubes in compression, but this result suggests
that the CW2 tubes are strong enough for this application, given the
FEA results in Table VII.
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