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Abstract

The TriTruss is a novel structural module developed by researchers at NASA
Langley Research Center (LaRC) that can be used in space to assemble large backing
structures for a variety of applications. One such application is the metering truss
and primary mirror backbone support structure of an in-space assembled telescope
(iSAT). For the iSAT application, the TriTruss will be supporting mirror segments,
payloads, and instruments, all of which require the TriTruss to have robust structural
integrity. An accurate elastic modulus value is crucial to the finite element analysis
(FEA) of the structure. Initial testing indicated that the equivalent elastic modulus
provided by the manufacturer and used in the analyses did not accurately predict
the behavior of the structure. In this paper, the in-house testing method developed
at LaRC to accurately measure the equivalent elastic modulus of the composite
struts for use in the analyses is described. A tensile and compressive equivalent
elastic modulus was computed from the data obtained in this test. The testing
resulted in a tensile equivalent elastic modulus of 24.6 Msi (standard deviation
of 0.888 Msi) or 169 GPa (standard deviation of 6.20 GPa) and a compressive
equivalent elastic modulus of 22.8 Msi (standard deviation of 0.780 Msi) or 157 GPa
(standard deviation of 5.38 GPa) for the single wall thickness struts. For double
wall thickness struts, the testing resulted in a tensile equivalent elastic modulus of
32.1 Msi (standard deviation of 1.003 Msi) or 221 GPa (standard deviation of 6.91
GPa) and a compressive equivalent elastic modulus of 31.9 Msi (standard deviation
of 1.123) or 220 GPa (standard deviation of 7.74 GPa).
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1 Introduction

Space operations are beginning to leverage modular systems and repeated robotic visits to
”Persistent Assets”, enabling asset maintenance, repair, and enhancement. A ”Persistent Asset”
(PA) is defined as any near zero-gravity (zero-g) or planetary surface system that benefits from
multiple visits [1]. These visits can be used for assembly, servicing, repairs, reconfiguration, and
upgrades [2-6]. A key attribute to include when developing such systems is to design them to be
modular. The efficiency and robustness of on-orbit assembly operations can be maximized by co-
designing modular structures, such as the TriTruss [7], and their associated connectors for robotic
handling and joining. One example of a PA that is currently being considered is the In-Space
Assembled Telescope (iSAT') shown in Fig. 1.

Primary
Reflector

Instruments

Figure 1: Large in-space assembled telescope [7].

A study was conducted in 2019 [8, 9] that determined the feasibility of designing a large space
telescope, the iSAT, and concluded that in order to achieve large apertures (>15-meter diameter
primary aperture), robotic in-space assembly of modular components was necessary. The study
also concluded that the foundational structure for the telescope, consisting of the metering truss
and the primary mirror support truss, should be assembled from modular truss elements that
could be packaged prior to launch, deployed on-orbit, and robotically assembled into the final
configuration. The truss structure is illustrated in Fig. 2a. Although a specific truss design was
not selected during the study, the iSAT structures team baselined the modular TriTruss system for
the telescope foundational structure [10].

The TriTruss [7] was developed by researchers at NASA Langley Research Center (LaRC) for
systems with triangular or hexagonal topologies, that are flat or curved, such as telescopes and
other platforms (see Fig. 2b). The TriTruss has equilateral triangular faces at the top, bottom,
and middle. The top triangular face is smaller than the bottom face of the truss when used to
support curved surfaces such as telescope primary mirror support structures. The TriTruss has
many innovative attributes including design versatility, compact packaging abilities, robotically
actuated deployment, and multiple locations for payload attachment. The TriTruss concept was
first introduced in Ref. [7] where the details of its design parameters and structural configuration
were described.
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Figure 2: The foundational truss structure of an iSAT assembled from individual TriTruss modules.

In Ref. [7], many different mission applications for the TriTruss are discussed, including a 20-
meter diameter space telescope and a beam-type platform that can be used to host payloads and
instruments. The geometry and various design variables for the TriTruss are also described. The
TriTruss module geometry consists of top- and bottom-face equilateral triangles (strut length, a)
with an equilateral central triangle (strut length, a/2) located halfway between the two faces. Core
struts with length, L;, (that depend on truss depth, H) connect the central triangle with the face
triangles [10]. Bonded joints will be used to connect struts to corner fittings to form the TriTruss.
The TriTruss struts are commercial-off-the-shelf (COTS) struts that researchers at LaRC are using
in finite element modeling to predict the structural performance. Since only an approximate elastic
modulus was provided for the TriTruss composite struts, testing was performed to obtain the tensile
and compressive equivalent elastic modulus to provide more accurate data for conducting analysis.
Test results are documented and described in this paper for a single wall thickness strut and a double
wall thickness strut. The struts are manufactured in a roll-wrapped carbon/epoxy and the single
wall material layup is [0/90/90/0] and the double wall material layup is [0/90/90/0/0/90/90/0].
The double wall thickness strut accounts for TriTrusses that are made to be placed in a metering
truss or mirror support truss where stiffer structure is required.

2 Test Set Up and Results

The purpose of this test was to estimate the equivalent elastic modulus for composite struts
used in a TriTruss. The equivalent elastic modulus was originally provided by the manufacturer,
but disagreement between FEA results using the manufacturer-determined elastic modulus and
experimental measurements in a TriTruss bond test [11] suggested that the provided elastic mod-
ulus may have been inaccurate. After further investigation, it was determined that the elastic
modulus test performed by a subcontractor of the manufacturer was unsatisfactory because only
one strain gage was applied to each test specimen, the test specimen appeared to be too short,
and too few repeat trials were performed. The results documented in this paper were obtained by
applying improved elastic modulus determination best practices by conducting more test trials of
longer specimens with more strain gages. A tensile and compressive equivalent elastic modulus was
computed from the data obtained in this test. One single wall thickness strut and one double wall
thickness strut was cut into five specimens, each one at 12 inches in length, for the test. They were
each loaded up to 1500 lbs in tension and 1500 lbs in compression at a rate of 4 lbs/sec for the



single wall thickness struts and a rate of 10 lbs/sec for the double wall thickness struts. The struts
were loaded and unloaded through this range three times. An aluminum end fitting was bonded
to the inside of the strut on both ends using an adhesive and mounted in the test stand. The
specimen was pinned using a clevis on both ends. Three strain gages were placed at the center of
each strut, equally spaced around the circumference. This test set up is shown in Fig. 3. Testing
was conducted in a 50-kip MTS load frame with an inline 5-kip load cell. The inline load cell was
calibrated through the MTS FlexTest 40 control system and was set up as a load-control channel.
A Micro-Measurements System 7000 data acquisition system was used for collecting load and strain
gage data. The data acquisition system was configured with a minimum of eight high level channels
for the load and stroke and eight strain gage channels.

Strain Gage

Pin
Clevis

Figure 3: Modulus test set up.

2.1 Single Wall Thickness Struts

The data summarizing the tension modulus data for the single wall thickness strut is shown in
Table 1. The five specimens were labeled A, B, C, D, E and have data collected for three trials.
Each trial recorded in the table was the average of the three strain gages in that trial. Each of
these trials were averaged per specimen and then an overall average value was computed from
each of the average specimen values. The stress versus microstrain plot of this is shown in Fig. 4
for all five samples. This results in a tensile equivalent elastic modulus of 24.6 Msi or 169 GPa.
The manufacturer of the struts provided a tensile equivalent elastic modulus of 202 GPa. The
same procedure was done to compute the compressive equivalent elastic modulus which resulted



in 22.8 Msi or 157 GPa. The manufacturer of the struts provided a compressive equivalent elastic
modulus of 142 GPa. The stress versus microstrain plot of this is shown in Fig. 5 for all five
samples. These results are summarized in Table 2. Detailed plots showing each individual trial for
all five specimens are shown in Appendix A. All trials gave linear data with an excellent line of fit
and high R? values and the slope of that line was recorded as the modulus for that given trial. The
results from all three trials for each specimen were consistent, indicating that the first trial didn’t
influence the properties determined from the second and third trials.
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Figure 4: Average equivalent tension elastic modulus for single wall thickness strut.
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Figure 5: Average equivalent compression elastic modulus for single wall thickness strut.



Table 1: Tension equivalent elastic modulus data for single wall thickness strut.

" specmen | Tiali(ws) | Tai2ivs) | Tial3vs) | Averageivs) |

A 25.776 25.906 25.903 25.862
B 24.460 24.415 24.439 24.438
& 24.941 24.971 24.977 24.963
D 23.702 23.789 23.746 23.746
E 23.806 23.805 23.715 23.775
Avg = = < 24557

Table 2: Compression equivalent elastic modulus data for single wall thickness strut.

" spemen | Tialiva) | Tai2(us) | Toalavs) | Average s) |

A 23.876 23.751 23.820 23.816
B 22.702 22.643 22.643 22.663
C 23317 23.357 23.320 23331
D 22.012 21.979 22.056 22.016
E 22.138 22.030 22.139 22.102
Avg . . . 22.786

2.2 Double Wall Thickness Struts

The data summarizing the tension modulus data for the double wall thickness strut is shown
in Table 3. The five specimens were labeled Ay, Baws Caw, Daw, Fdaw and have data collected for
three trials. Each trial recorded in the table was the average of the three strain gages in that trial.
Each of these trials were averaged per specimen and then an overall average value was computed
from each of the average specimen values. The stress versus microstrain plot of this is shown in
Fig. 6 for all five samples. This plot results in a tensile equivalent elastic modulus of 32.1 Msi
or 221 GPa. The manufacturer of the struts provided a tensile equivalent elastic modulus of 245
GPa. The same procedure was done to compute the compressive equivalent elastic modulus which
resulted in 31.9 Msi or 220 GPa. The manufacturer of the struts provided a compressive equivalent
elastic modulus of 159 GPa. The stress versus microstrain plot of this is shown in Fig. 7 for all five
samples. These results are summarized in Table 4. Detailed plots showing each individual trial for
all five specimens are shown in Appendix B. All trials gave linear data with an excellent line of fit
and high R? values and the slope of that line was recorded as the modulus for that given trial. The
results from all three trials for each specimen were consistent, indicating that the first trial didn’t
influence the properties determined from the second and third trials.
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Figure 6: Average equivalent tension elastic modulus for double wall thickness strut.
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Figure 7: Average equivalent compression elastic modulus for double wall thickness strut.

Table 3: Tension equivalent elastic modulus data for double wall thickness strut.

B T Y T

31.250
31.602
34.017
31.807
32.097

31.375
31.537
33.652
31979
32.009

10

31.255
31.689
33.856
31.827
31.908

31.293
31.609
33.842
31.804
32.005
32.111



Table 4: Compression equivalent elastic modulus data for double wall thickness strut.

| specimen | Trial1(Msi) | Tral2(Msi) | Trial3(Ms) | Average (Msi) |

Ain 31.030 30.975 31.050 31.018
B 31.326 31.311 31.283 31.307
Caw 33.676 33.794 33.847 33.772
v 31.307 31.241 31.307 31.285
Egw 31.924 32.284 32.022 32.077
Avg : . - 31.892

3 Conclusions

Testing was performed to determine the equivalent tensilve and compressive elastic modulus for
TriTruss struts to provide more accurate data for conducting various analyses involving the struts.
Single wall thickness and double wall thickness struts were tested and analyzed in a similar manner,
and an equivalent modulus for tension and compression was computed for both types of struts from
the data documented in this paper. All trials gave linear data with an excellent line of fit and the
slope of that line was recorded as the modulus for that given trial. The recorded moduli were
averaged among all trials and specimens to give an overall equivalent elastic modulus. The testing
resulted in a tensile equivalent elastic modulus of 24.6 Msi (standard deviation of 0.888 Msi) or 169
GPa (standard deviation of 6.20 GPa) and a compressive equivalent elastic modulus of 22.8 Msi
(standard deviation of 0.780 Msi) or 157 GPa (standard deviation of 5.38 GPa) for the single wall
thickness struts. For double wall thickness struts, the testing resulted in a tensile equivalent elastic
modulus of 32.1 Msi (standard deviation of 1.003 Msi) or 221 GPa (standard deviation of 6.91 GPa)
and a compressive equivalent elastic modulus of 31.9 Msi (standard deviation of 1.123) or 220 GPa
(standard deviation of 7.74 GPa). These values can be used in all analyses involving these struts.
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Appendix A

Single Wall Thickness Strut Stress vs. Strain Plots
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Figure A2: Specimen A, tension trial 2.
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Figure A4: Specimen B, tension trial 1.
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Figure A5: Specimen B, tension trial 2.
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Figure A6: Specimen B, tension trial 3.
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Figure A7: Specimen C, tension trial 1.
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Figure A8: Specimen C, tension trial 2.
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Figure A9: Specimen C, tension trial 3.
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Figure A10: Specimen D, tension trial 1.
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Figure A11: Specimen D, tension trial 2.
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Figure A12: Specimen D, tension trial 3.
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Figure A13: Specimen E, tension trial 1.
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Figure A14: Specimen E, tension trial 2.
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Figure A15: Specimen E, tension trial 3.
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Figure A16: Specimen A, compression trial 1.

20



@ 3.751%-169.25

-600 R? = 0.9994 100
& * SG1
a e SG2
el
= ° 5G3
* Avg SG
- Linear (Avg SG)
-12000
Microstrain
Figure A17: Specimen A, compression trial 2.
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Figure A18: Specimen A, compression trial 3.
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Figure A19: Specimen B, compression trial 1.
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Figure A21: Specimen B, compression trial 3.
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Figure A22: Specimen C, compression trial 1.
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Figure A25: Specimen D, compression trial 1.
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Figure A26: Specimen D, compression trial 2.
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Figure A28: Specimen E,
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Figure A29: Specimen E, compression trial 2.
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Figure A30: Specimen E, compression trial 3.
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Appendix B

Double Wall Thickness Strut Stress vs. Strain Plots
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Figure B1: Specimen A, tension trial 1.
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Figure B2: Specimen A, tension trial 2.
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Figure B4: Specimen B, tension trial 1.
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Figure B5: Specimen B, tension trial 2.
y=31.689x 1 225.33
R%Z=0.9998
e SG1
s 5G2
e 5G3
= Avg SG
- Linear (Avg 5G)
20 40 60 80 100 120 140 160 180 200
Microstrain

Figure B6: Specimen B, tension trial 3.
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Figure B7: Specimen C, tension trial 1.
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Figure B8: Specimen C, tension trial 2.
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Figure B9: Specimen C, tension trial 3.
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Figure B10: Specimen D, tension trial 1.
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Figure B11: Specimen D, tension trial 2.
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Figure B12: Specimen D, tension trial 3.
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Figure B13: Specimen E, tension trial 1.
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Figure B14: Specimen E, tension trial 2.
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Figure B15: Specimen E, tension trial 3.
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Figure B16: Specimen A, compression trial 1.
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Figure B18: Specimen A, compression trial 3.
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Figure B19: Specimen B, compression trial 1.
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Figure B20: Specimen B, compression trial 2.
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Figure B21: Specimen B, compression trial 3.
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Figure B22: Specimen C, compression trial 1.
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Figure B23: Specimen C, compression trial 2.
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Figure B24: Specimen C, compression trial 3.
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-200

Stress (psi)

-180 -160 -140 -120 -100 -80 -60 -40

¥y =31.241x+ 92.667 -1000

R? =0.9999

-2000

-3000

-5000

Microstrain

Figure B26: Specimen D, compression trial 2.
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Figure B27: Specimen D, compression trial 3.
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Figure B28: Specimen E, compression trial 1.

41



-200

Stress (psi)

-180 -160 -140 -120 -100 -80 -60 -40
Yy =32.284x-7.9464
R2=0.9999
-2000
-3000
-4000
-5000
-6000

Microstrain

Figure B29: Specimen E, compression trial 2.
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Figure B30: Specimen E, compression trial 3.
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