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ABSTRACT

STRUCTURAL CHARACTERIZATION OF A TRITRUSS MODULE

Lauren M. Simmons
Old Dominion University, 2024
Director: Dr. Gene Hou

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 support structures for a variety of appli-
cations. One such application is the metering truss or primary mirror backbone support structure of
an In-Space Assembled Telescope (iSAT). For the iSAT application, the TriTruss will be support-
ing mirror segments, payloads, and instruments, all of which require the TriTruss to have a high
stiffness. Structural characterization from testing and analysis is needed to ensure the integrity of
the struts that make up a TriTruss module is maintained when subjected to loads representative of
the application. The test setup and loads applied to the TriTruss module as well as the analytical
methods used to predict the response of the structure under conditions representative of those im-
plemented during testing will be discussed. Also, the results obtained from testing and analysis
will be summarized. The goal for the characterization study was to achieve a correlation within
10% between the test data and the analysis. Overall, the correlation varied for the struts with a
few struts still having a larger error margin after further studies were conducted to improve the

correlation through additional analysis.
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NOMENCLATURE

Cross-sectional area

Length of face triangle strut
Diameter of strut

Young’s modulus

Applied load eccentricity
TriTruss module depth

Area moment of inertia
Length of batten member
Length of central triangle strut
Strut length

Axial compression load on strut

Euler buckling load of strut

Ratio of axial compression load to Euler buckling load

Lateral displacement of strut

Initial imperfection of strut

Perpendicular distance from the neutral axis to a point on the section

Total lateral displacement
Strain at bottom of strut

Strain at top of strut

Magnitude of strut initial imperfection at strut midlength

Stress at bottom of strut

Stress at top of strut
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CHAPTER 1

INTRODUCTION

From the 1970s through the early 1990s, NASA Langley Research Center (LaRC) led studies
pertaining to the design and construction of large space structures in Low Earth Orbit (LEO) us-
ing extravehicular activity (EVA) astronaut construction methods [1]. Design and fabrication of
a 4-m diameter, doubly curved, tetrahedral support truss incorporated joints that were specifically
designed for on-orbit astronaut assembly was part of the NASA Precision Segemented Reflec-
tor (PSR) program. Initial static and vibration tests were shown to be repeatable and generally
had good agreement with linear finite element predictions [2, 3]. Then, larger segmented reflectors
(>10-m diameter) were considered which would require the support truss to consist of longer struts,
creating a stiffer truss (due to its increased depth). Detailed procedures for astronaut assembly of
these large reflectors is outlined in Ref. [4]. Since space science and earth science communities re-
quire larger space systems with apertures >15 m [5], this can create more challenges for astronauts
in EVA to assemble complex structures; therefore, robotic techniques for assembly would be the
preferred method with a suitable structural concept [6-8], i.e. modular systems.

Space operations are beginning to leverage modular systems and repeated robotic visits to
"Persistent Assets" (PA) enabling asset maintenance, repair, and enhancement. A "Persistent As-
set" is defined as any near zero-gravity (zero-g) or planetary surface system that benefits from
multiple visits [9]. These visits can be used for assembly, servicing, repairs, reconfiguration, and
upgrades [10-15]. A key attribute when developing such systems is to design them to be modular

and assemblable. The efficiency and robustness of on-orbit assembly operations can be maximized



by designing modular structures, such as the TriTruss [16], and their associated connectors for
robotic assembly. One example of a PA that is currently being considered is the In-Space Assem-

bled Telescope (iSAT) shown in Fig. 1.

Primary
Reflector

Instruments

Figure 1. Large In-Space Assembled Telescope [16].

A study was conducted in 2019 [17, 18] that determined the feasibility of designing the iSAT.
The study concluded that in order to achieve large apertures (>15-m 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 metering
truss and primary mirror support truss structures are illustrated in Fig. 2a. Although a specific
truss design was not selected during the study [17, 18], the iSAT structures team baselined the
modular TriTruss system for the telescope foundational structure [19], consisting of the metering
truss and primary mirror support truss.

The TriTruss [16], as shown in Fig. 2b, was developed by researchers at NASA LaRC for sys-



tems with triangular or hexagonal topologies that are flat or curved, such as telescopes and other
platforms. The struts of the TriTruss form equilateral triangles at the top, middle, and bottom
sections. The sides of the top triangle are shorter than the bottom by 0.1 m when used to sup-
port curved surfaces such as telescope primary mirror support structures. The TriTruss has many
innovative attributes including design versatility, compact packaging, robotically actuated deploy-
ment, and multiple locations for payload attachment. The TriTruss concept was first introduced in

Ref. [16] where the details of its design parameters and structural configuration were described.
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(a) Foundational support structure of an iSAT (b) Geometry and parameters of a TriTruss module

Figure 2. The foundational truss structure of an iSAT assembled from individual TriTruss modules
[19].

In Ref. [16], many different mission applications for the TriTruss are discussed, including a
20-m 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 [19]. Bonded joints were used to connect struts to joints to form the TriTruss.

Since only an approximate elastic modulus was provided for the TriTruss struts by the manu-
facturer of the struts, testing was performed to obtain the tensile and compressive equivalent elastic
modulus to provide more accurate data for conducting the analysis. The elastic modulus test set-up
and results for a TriTruss strut are described in Chapter 2. A larger space telescope requires larger
instruments that must meet stiffness requirements; therefore, a characterization study is needed
of the TriTruss module to investigate whether it will meet the stiffness requirements. Since the
TriTruss is currently at a low technology readiness level (TRL), initial testing and analysis of the
structure is needed for the TriTruss to be considered in the assembly of a metering truss and pri-
mary mirror support truss for an iSAT. The purpose of this thesis was to ascertain, for the first time,
the ability to measure first generation TriTruss structural response and accurately reproduce that
behavior with an analytical model, establishing a framework for prediction by analysis and design
tailoring. The TriTruss module characterization test setup and description of the finite element
model are discussed in Chapter 3. The results of the test, analysis, and a comparison of strain
values computed from each are given in Chapter 4. The goal is to achieve a correlation within 10%

between the test data and the analysis. Future work and conclusions are discussed in Chapter 5.



CHAPTER 2

ELASTIC MODULUS TEST

The purpose of this test was to establish the equivalent elastic modulus for composite struts
used in a TriTruss. The equivalent elastic modulus was originally provided by the manufacturer,
but disagreement between finite element analysis (FEA) results using the manufacturer-determined
elastic modulus and experimental measurements in a TriTruss bond test [20] suggested that the
provided elastic modulus 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 [21] were obtained
by applying improved elastic modulus determination methods 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 strut was cut into five specimens, each
one 0.3048 m in length, for the test. They were each loaded up to 6672 N in tension and 6672
N in compression at a rate of 17.79 N/s. 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, the same one used in the TriTruss joints, and mounted in the test stand. The specimen
was pinned using a clevis on both ends of the aluminum fittings. Three strain gages were placed
on the exterior surface at the center of each strut, equally spaced around the circumference. The
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.

Strain Gage

Pin
Clevis

Figure 3. Modulus test setup

A summary of the tension-equivalent modulus data for the strut is shown in Table 1. The five
specimens were labeled A-E, and data was collected for three trials. Each modulus displayed in
the table for each trial was computed using the average of the three strain gages for the respective
specimen. The last column in the table displays the average of the three trial modulus for each

specimen. The average of the specimen moduli is given in red (bottom right). The stress versus



microstrain plot of the averaged sample data is shown in Fig. 4 for all five samples. This averaging
process results in a tensile equivalent elastic modulus of 169 GPa. The manufacturer of the struts

provided a tensile equivalent elastic modulus of 202 GPa.

Table 1. Tension-equivalent elastic modulus data (standard deviation of 6.20 GPa).

™ Specimen | Tl (Gra) | Tial2(Gra) | i3 (Gra) | Aveage(cPa) |

A 177.72 178.62 178.60 178.31
B 168.65 168.34 168.50 168.50
c 171.96 172.17 172.21 172.11
D 163.42 164.02 163.72 163.72
E 164.14 164.13 163.51 163.92
Avg . . - 169.32

80

o A
«B
e C

Stress (MPa)

o E

-50 0 50 100 150 200 250 300 350 400 450 500
-10
Microstrain

Figure 4. Average equivalent tension elastic modulus for strut.



The same procedure was followed to compute the compressive equivalent elastic modulus
which resulted in 157 GPa. The results for the compression modulus data are summarized in
Table 2. The manufacturer of the struts provided a compressive equivalent elastic modulus of
142 GPa. The stress versus microstrain data of the compressive averages are shown in Fig. 5 for
all five samples. The value of 169 GPa was used in the analysis for struts that experienced tension,
while 157 GPa was assigned to the struts that experienced compression in the test described in

Chapter 3.

Table 2. Compression-equivalent elastic modulus data (standard deviation of 5.38 GPa).

™ pecimen | sl 1(cPs) | Tisl2(cps) | i3 (Gra) | verage Goa)

A 164.62 163.76 164.23 164.21
B 156.53 156.12 156.12 156.26
C 160.77 161.04 160.79 160.86
D 151.77 151.54 152.07 151.80
E 152.64 151.89 152.64 152.39

Avg - . . 157.10



-600 -500 100
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-80
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Figure 5. Average equivalent compression elastic modulus for strut.

Detailed plots showing each individual trial for all five specimens are shown in Ref. [21]. 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. In Chapter 3, an overview of the TriTruss test setup and the finite element

model will be discussed.
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CHAPTER 3

TRITRUSS TEST SETUP AND FINITE ELEMENT MODEL

3.1 TRITRUSS TEST SETUP

The approach to the TriTruss test was to apply a static load to the TriTruss module to charac-
terize the structural response. The TriTruss struts were thin-walled, hollow composite tubes made
of Mitsubishi K63712 fibers in the axial direction and Mitsubishi 34-700 fibers in the hoop direc-
tion. Both materials use the same NB301 resin. The layup orientation was [0/90/90/0] and had a
nominal thickness of 0.000889 m. The struts were joined to the joints by bonding the ends with an
epoxy adhesive. An analysis was performed studying a variety of possible lifting configurations
that would produce either an approximately 2000 N tension force or 1000 N compression force in
the struts of the TriTruss module [22]. In order to avoid strut failure, no strut was to be subjected
to more than 2000 N tension force or 1000 N compression force. The 2000 N tension force and
1000 N compression force were selected to be approximately half the value of measured strut fail-
ure loads at the time. The loading configuration was determined by analysis to apply a total load
of 625.7 kg (6138 N) uniformly distributed to the bottom three joints of the TriTruss and was a
sufficient method to achieve the desired loading configuration of each strut in the TriTruss. The
loading configuration is shown in Fig. 6.

An illustration of the test setup is shown in Fig. 7. The setup included three sets of slings and
shackles connecting the triangular spreader bar to the crane and then three more sets of shackles

and vertical slings connecting the triangular spreader bar to a steel bracket installed on the TriTruss
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»

M

F

Figure 6. TriTruss loading configuration

top corner joints as shown in Fig. 7. The masses used to apply loading to the TriTruss module
were suspended from the bottom of the TriTruss module. Additional shackles were located on
the bottom of the TriTruss module with the same steel bracket attached to the bottom joints. An
overhead crane was used to lift the assembly off the ground, thus initiating the loading of the
TriTruss module. The masses were suspended on the TriTruss by fabricating custom made hangers.
The mass hangers consisted of a steel rod with a custom made plate at the bottom, where all the
masses were stacked, and an eye nut was installed at the top of the rod as depicted in Fig. 8. The
shackles from the bottom TriTruss corners attached to the eye nut suspending the mass hangers
from the module when the TriTruss was lifted. The mass hanger is shown in Fig. 8 with a 208.6 kg

(2046 N) load that was applied to each of the three joints on the bottom triangle.
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TriTruss joint
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Figure 7. TriTruss test setup.

Eye Nut

Steel Rod ——

Figure 8. Mass hanger for loading configuration.
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Strain gages were used with a data aquistion system to capture the response to the loading. A
total of 42 biaxial strain gages were used on a TriTruss module. Two strain gages were placed at
the center of each strut 180° apart as shown in Fig. 9, where the blue dots on the TriTruss represent
the strain gage location (left) and the green circle represents the TriTruss strut cross-section (right)
and the blue rectangles represent the strain gages on the cross-section. Induced strain in the struts
were recorded, and the data were compared to strains extracted from the analysis. Each of the
TriTruss struts was assigned an identifier to which the strain was mapped, as shown in Fig. 10. The
struts that make up the top triangle are noted as Top1, Top2, and Top3. A similar designation was
used for the middle triangle and the bottom triangle in the TriTruss. The diagonal struts in the top
half of the TriTruss are labeled "DT", and the diagonal struts in the bottom half are labeled "DB".

A number system was assigned to each of these diagonal struts.
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TriTruss Module

\ /Strain Gage

TriTruss Strut
\2 @ /——__ Cross-section

Figure 9. Strain gage placement on TriTruss module.

Topl Top?2
Y N Dle\ /

Top3_1ﬁﬁ* .
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Y
Bottom1, ./BottomZ DB14 *-DB3
4

y T DB4 .J\x
DB6 '

Bottom3 DB5

Figure 10. Nomenclature used for strut numbering.
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3.2 FINITE ELEMENT MODEL

A linear, static finite element analysis was performed using commercially available Abaqus

software!

. A finite element model of a single TriTruss module was developed and analyzed to
predict the average axial strain in all 21 struts. Beam elements, B31, were used to model the
joints and the struts which were assumed to be perfectly connected at the joints; no overlap of
the strut beam elements and joint beam elements was modeled. After a mesh convergence study
was conducted, each strut was composed of 4 beam elements and each joint was made up of a
total of 4 beam elements that all connected at the corner node of the TriTruss via a shared node.
There were a total of 126 elements and 114 nodes that made up the TriTruss FEM. The struts were
assigned a pipe profile with an outer radius of 0.015193 m and a thickness of 0.001000076 m by
taking measurements of the strut. The length of the top struts was 2.8 m, middle struts was 1.42
m, bottom struts was 2.9 m, top diagonal struts was 1.96 m, and bottom diagonal struts was 2.03
m. The joints were also assigned a pipe profile with an outer radius of 0.0152 m and a thickness
of 0.00089 m. The three nodes at the corners of the top triangle were all fixed in translation and
rotation about the global Y-axis. A load of 208.6 kg (2046 N) was applied to each corner on the
bottom triangle in the global negative Y-direction. An illustration of the FEM is shown in Fig. 11
where the red dots represent where the boundary conditions were applied. The mesh with the
boundary conditions, node labels, and element labels is shown in Figs. 12-14. Since the diagonal
struts experienced tension and the top, middle, and bottom struts experienced compression based

on the test results, the average tensile and compressive Young’s modulus computed from previously

collected experimental data were assigned to the respective struts isotropically since this was an

I'The use of trademarks or names of manufacturers in this report is for accurate reporting and does not constitute
an official endorsement, either expressed or implied, of such products or manufacturers by the National Aeronautics
and Space Administration.
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equivalent elastic modulus. The diagonal struts of the TriTruss were assigned a Young’s modulus
of 169 GPa, and the top, middle, and bottom struts were assigned a Young’s modulus of 157
GPa. The joints were assigned generic aluminum material properties, a Young’s modulus value of
68.9 GPa, for this analysis. The material property sections on the TriTruss are shown in Fig. 15. In
Chapter 4, the results will be presented and compared to analysis, as well as adjustments that were
made to the finite element model including a strut imperfection analysis. Then, a discussion of the

experiment and analysis will be presented.

Strut beam elements
Joint elements

A

Node

S

J .

M

F

Figure 11. Finite element model of TriTruss.
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Fixed DOF 2,5
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Figure 12. Boundary conditions and applied load.



Figure 13. Node labels.
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Figure 14. Element labels.
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Figure 15. Material properties for TriTruss.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 RESULTS

The experiment was conducted, and microstrain values for each strut were collected. The
TriTruss module was lifted and suspended for about a minute to ensure the strains remained rela-
tively constant before lowering the TriTruss module back to the ground. The time history for the
microstrain is shown in Fig. 16. The strain gages were denoted with a "_1" and "_2" to indicate
the first strain gage and the second strain gage on the strut, respectively. Since each strut had two
strain gages, the two values were averaged for each strut and recorded using the values extracted
at the 100 s mark. The data was recorded at this point since it was about the midpoint of the time
history and the strains were relatively constant at this point. The time histories for the strain in
the Top, DT, DB, and Bottom struts are shown in Figs. 17-20, respectively. There was suspected
to be a significant amount of bending in the top and bottom struts (Fig. 17 and Fig. 20) since the
strain gage time histories for a particular strut have a gap in their data. For example, looking at
the Bottom1 strut in Fig. 20, the red line and the orange line have a sizable gap between them,
indicating bending may be occurring in the strut. For the diagonal struts, (Fig. 18 and Fig. 19),
the strain gage time histories for a particular strut are lined up with each other more, indicating
mostly axial loading. For example, looking at the DT2 strut in Fig. 18, the red line and the gray
line are lined up with each other more, indicating axial load in the strut. For the analysis, the

average strains were reported by averaging around integration points 1, 3, 5, and 7 of the four
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B31 beam elements in each strut (Fig. 21). Microstrain values from the experiment and analysis
for the middle triangle were zero in the analysis, and the data collected from the experiment was
mainly noise; therefore, it will not be a relevant comparison, and microstrain results from the test
and analysis are presented for just the top and bottom struts and all the diagonal struts. The goal
for the characterization study was to achieve a correlation within 10% between the test data and
the analysis. The test and analysis results along with the percent difference are shown in Table 3.
The deflection (m), stress (Pa), and strain contour plots are shown in Fig. 22. Overall, the test and
analysis have good correlation with 13 of the struts being lower than 10% and with ten of those 13
struts lower than 5%. However, there are five struts out of 18, highlighted in Table 3, that go over
the targeted 10% difference. There were a few possibilities that were taken into consideration to

account for the higher percent difference in the five struts.
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Figure 16. Time history of strain gages.
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Figure 20. Time history of Bottom strain gages.

24

180

180



Integration
Point 5

Integration
Point 7

Integration

Point 1

Integration
Point 3

25

Default integration,
beam in space

Figure 21. Beam integration points on pipe profile [23].



Table 3. Test and analysis results for microstrain in struts using average modulus.

Experimental | Analytical .
I"u::cmstrain Micmittrain = Diffceruice
Topl -125 -7 1.10
Top2 -589.5 2.4 2168
Top3 -63.0 -2.4 14.92
Bottom1 -15.0 -726 3.20
Bottom2 -94 5 -f3.2 22 54
Bottom3 -55.5 -13.2 31.89
DT1 1015 941 729
DT2 103.0 94 1 864
DT3 96.0 949 1.15
DT4 ar s 949 267
DTS 97 5 949 267
DT6 970 949 216
DB1 97.0 941 2.99
DR2 810 94 1 16.17
DR3 96 949 11
DB4 99.5 949 462
DRS 101.0 949 6.04
DBR6 94 0 949 0.96

26
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(c) Axial strain contour plot

Figure 22. Baseline analysis contour plots.

4.2 ADJUSTMENTS IN FINITE ELEMENT MODELING

The first consideration in modifying the analysis to better align with the test results was to
adjust the tensile and compressive elastic moduli. Since the analysis results, shown in Table 3,

were for a model that used the average tensile modulus in the diagonal struts and the average
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compressive modulus in the top and bottom struts, a study was conducted to investigate how using
the smallest and largest tensile or compressive modulus that was found in the experimental data
affected the results. The first study was only changing the tensile modulus in the diagonal struts
while keeping the compressive modulus the same in the top and bottom struts, shown in Table 4.
The only diagonal strut above 10% error, DB2, in the analysis results in Table 3 was at 16.17%
error. When using the higher tensile modulus from the test data, the percent difference decreases
to 10.25%. Since the other eleven diagonal struts are under 10% and varying the tensile modulus
decreased the difference in DB2 to a more reasonable error, this result for DB2 is considered
acceptable and is successfully characterized with the other diagonal struts. The second study was
only changing the compressive modulus in the top and bottom struts while keeping the tensile
modulus at its baselined average in the diagonal struts. These results are summarized in Table 5.
In Table 3, Top2, Top3, Bottom2, and Bottom3 are all above 10% error. Overall, it appeared
that using the lower tested compressive modulus made the error worse and using the higher tested
compressive modulus helped reduce the difference. Top2, Top3, and Bottom3 all decreased in
error with Top3 going down to the accepted 10% error. The deflection (m), stress (Pa), and strain
contour plots using the higher tested compressive modulus are shown in Fig. 23. The results for
these studies leave three struts, Top2, Bottom?2, and Bottom3, still higher than the accepted error
threshold.

Another consideration to account for the higher error in the remaining three struts was ana-
lyzing an angled force scenario if the applied forces were not exactly vertical. An analysis was
done that applied a downward angled weight of 10° towards the structure to one of the three nodes
on the bottom of the TriTruss in the global X-Y plane. The analysis resulted in much higher and

unrealistic errors in several struts compared to the actual experiment; therefore, the results will not



be presented for this analysis.

Table 4. Varying tensile modulus in diagonal struts.
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Experimental Low Tensile E High Tensile E
KRGkt Microstrain % Difference | Microstrain % Difference
(E=163.7 GPa) (E=178 GPa)
Topl -72.5 -71.7 1.10 -71.7 1.10
Top2 -59.5 -72.4 21.68 -72.4 21.68
Top3 -63.0 -72.4 14.92 -72.4 14.92
Bottom1 -75.0 -72.6 3.20 -72.6 3.20
Bottom2 -94.5 -73.2 22.54 -73.2 22.54
Bottom3 -55.5 -73.2 31.89 -73.2 31.89
DT1 101.5 97.1 4.33 89.3 12.02
DT2 103.0 97.1 5.73 89.3 13.30
DT3 96.0 98 2.08 90.1 6.15
DT4 97.5 98 0.51 90.1 7.59
DT5 g97.5 98 0.51 90.1 7.59
DT6 g97.0 98 1.03 90.1 7.1
DB1 g97.0 97.1 0.10 89.3 7.94
DB2 81.0 97.1 19.88 89.3 10.25
DB3 96 a8 2.08 90.1 6.15
DB4 99.5 98 1.51 90.1 9.45
DB5 101.0 a8 2.97 90.1 10.79
DB6 94.0 a8 4.26 90.1 4.15




Table 5. Varying compressive modulus in top and bottom struts.

Experimental Low Compressive E High Compressive E
N A— Microstrain % Difference Microstrain % Difference
(E=151.8 GPa) (E=164 GPa)
Topl -72.5 -74.2 2.34 -68.7 524
Top2 -59.5 -74.9 25.88 -69.3 16.47
Top3 -63.0 -74.9 18.89 -69.3 10.00
Bottom1l -75.0 -75.1 0.13 -69.5 7.33
Bottom2 -94.5 -75.8 19.79 -70.1 25.82
Bottom3 -55.5 -75.8 36.58 -70.1 26.31
DT1 101.5 94 .1 7.29 941 7.29
DT2 103.0 94 .1 8.64 941 8.64
DT3 96.0 94.9 1.15 94.9 1.15
DT4 97.5 94.9 2.67 94.9 2.67
DTS 97.5 94.9 2.67 94.9 2.67
DT6 97.0 94.9 2.16 94.9 2.16
DB1 97.0 941 2.99 94 .1 2.99
DB2 81.0 941 16.17 94 .1 16.17
DB3 96 94.9 1.15 94.9 1.15
DB4 99.5 94.9 4.62 94.9 4.62
DB5S 101.0 94.9 6.04 94.9 6.04
DB6 94.0 94.9 0.96 94.9 0.96
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(c) Axial strain contour plot

Figure 23. Contour plots using higher tested compressive modulus.

The last consideration for the global model that was analyzed was a potential applied moment
at the joint where the load was applied. In the FEM, the load is applied at an exact point which
is meant to be the end of the joint whereas the experiment had the load applied at an offset of
about 0.0127-0.0254 m from the actual end point of the joint, towards the inside of the TriTruss.

An illustration of this is shown in Fig. 24. The green rectangles represent the TriTruss, and the
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blue rectangles represent the joint. The orange circle is the node in the FEM where the force was
applied. The bracket is represented by the red rectangle in Fig. 24, and this is the location where
the force was applied in the experiment. This creates an offset distance from the FEM which is
about 0.0127-0.0254 m. Since the force was 2046 N, this creates a moment between 26 N-m and
52 N-m. Both of these moments were created in the FEM and analyzed. The results are shown
in Table 6. The application of these moments did not improve the results much, and there are still

three struts—Top2, Bottom2, and Bottom3—greater than the 10% error threshold.

TriTruss

4+ Bracket

Force
applied in
e Offset
Force
applied in
experiment

Figure 24. TriTruss configuration for applied moment.



Table 6. Applied moment results.
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Exp:ferimen.tal 26 h!-m MOI‘I’_\EI‘It o, Difference (52 N_-m Mon:lent % Difference
Microstrain Microstrain Microstrain
Topl -72.5 -68.3 5.74 -68.0 6.26
Top2 -59.5 -69.0 156.90 -68.6 15.24
Top3 -63.0 -70.1 .27 -70.9 12.49
Bottoml -75.0 -68.8 8.23 -68.1 9.20
Bottom2 -94.5 -69.4 26.53 -68.7 27.30
Bottom3 -55.5 -70.9 27.73 -71.6 29.06
DT1 101.5 93.6 7.83 93.0 8.35
DT2 103.0 93.6 9.18 93.1 9.65
DT3 96.0 94.4 1.68 93.9 2.21
DT4 97.5 94.4 3.20 93.9 3.74
DTS 97.5 96.0 1.59 97.0 0.52
DT6 97.0 959 1.09 97.0 0.02
DB1 97.0 93.2 3.96 92.2 4.91
DB2 81.0 93.5 15.46 93.0 14.75
DB3 96 94.4 1.72 93.8 2.31
DB4 99.5 94.0 5.55 93.1 6.47
DB5 101.0 96.0 4.99 97.0 3.94
DB6 94.0 96.0 2.10 97.0 3.21

4.3 STRUT IMPERFECTION ANALYSIS

The last item that was investigated was a potential influence of imperfections in the struts. A

slight bow that could exist in the strut due to manufacturing processes would affect the strains pro-

duced in the struts, particularly the top and bottom struts since bending is suspected to be occurring

according to Fig. 17 and Fig. 20. The purpose of this study was to determine imperfection mag-

nitudes that may be influencing the remaining strain discrepancies in the struts. For this analysis,

hand calculations were performed on a single TriTruss strut with the same geometry and material

properties. Since two of the bottom struts have the highest remaining error, the length, /, for these

struts (2.9 m) was used in the analysis. Ref. [24] was used to determine an expression for lateral
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displacement of a compressively loaded, simply-supported strut with the assumption of a parabolic
initial imperfection. The deformed shape w(x) of a strut with an initial imperfection shape wo(x)
acted on by a compressive axial load P applied at a distance e from the neutral axis is shown in

Fig. 25 [24] where 8 (x) is the total lateral displacement.

Deformed shape

Initial imperfection shape

———————
-
_____

-
-
-

P A 4 < ¥ P

Figure 25. Axial compression of an initially imperfect strut with eccentric end loads.

The linear differential equation to determine w(x) is:

2

d
Eld—;; +Pw=—P(wy+e) (1)

where simply-supported conditions result in

w(0) =w(l) =0 )

The solution to the homogeneous portion of equation (1) after applying the simply supported

boundary conditions gives:
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wy, = Blcos(n'\/c_]%c) +stin(n\/§;) 3)

where By and B; are determined from the boundary conditions and ¢ is the compressive axial load

normalized by the Euler buckling load and is defined by:

P  P?

= -_—— 4
1= p T %2EI @)

where E is Young’s modulus, and / is the area moment of inertia. The initial imperfection shape
wo(x) is assumed to be parabolic in Ref. [24], and that was used in this study as well, with maxi-

mum magnitude y given by:

X X\2
wolx) = 4 {7 e } 5)
Substituting equation (5) into equation (1), determining the particular solution, and applying the

simply-supported boundary conditions results in the following expression for lateral displacement

of a compressively loaded strut with an initial parabolic imperfection [24]:

8u [ mrgx*  mlgx g NG N TT\/qx
p— — —_— 1 — JE—
w(x) 24 ( Te 5] + g +e | |tan 5 )sin{ — + cos ; e

The total lateral displacement, §(x), is the sum of the initial imperfection shape and the deformed

shape:
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6 (x) = wo(x) +w(x) )
Using Bernoulli-Euler Beam Theory:
d*s

the moment, M(x), can be solved for the initially imperfect strut. Since the maximum § would
occur at the center of the strut, the M(x) equation was solved at x = 1.45 m to obtain the maximum
moment. A positive point moment is also acting on the strut by taking the cross product of P and

e. The total moment would then be:

M;or = M(x) + Pe (9)

The stress, ¢, can then be computed at the top and bottom of the strut using the equations:

Moy B E _ Miory o B

= 10
O; Ji A ) Op I A ( )

where oy is the stress at the top of the strut, o is the stress at the bottom of the strut, y is the
perpendicular distance from the neutral axis to a point on the section, and A is the cross-sectional
area of the strut. Then, the top and bottom strains were computed using the equations:

Op

O;
t E’ b E ( )

where & and g, are the top and bottom strains, respectively. To investigate the effect of initial
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imperfections and load eccentricities, various values for (t and e were analyzed to see how they
affect the top and bottom strains on the strut. Each of the bottom three struts in the experiment
were studied to evaluate the effects of initial imperfections and load eccentricities.

The load in the Bottom1 strut can be calculated by taking the experimental microstrain value
and multiplying it by the product of the average elastic modulus from the experimental data and
the cross-sectional area of the strut. This calcluation results in a load of -1157 N in the Bottom1
strut. The two microstrain values recorded were -171 and 21. This -1157 N load was used as
P in all of the equations above. Values for y and e are shown in meters and & and g, are the
microstrain values. The results are shown in Table 7. For the Bottom1 strut, it was found that an
initial imperfection value of 0.00161 m and load eccentricity of 0.00115 m were the values that

best replicate the experimental strain in the Bottom1 strut.

Table 7. Imperfection results for Bottom1 strut.

u (m) e (m) & | &
0 0 -79.8 -79.8
0 . 0.001 -55.9 | -103.7
0.001 | 0 -345 | -125.0
0.001 0.001 -10.6 -149.0
0.002 0.002 58.6 -218.1
0.00161 0.00115 20.6 -180.1
Experimental Microstrain 21 o Vg

The Bottom?2 strut experienced a load of -1458 N in the experiment, and the two microstrain

values recorded were -103 and -86. The results are shown in Table 8. For the Bottom?2 strut, it was
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found that an initial imperfection value of 0.00008 m and load eccentricity of 0.00008 m were the

values that best replicate the experimental strain in the Bottom?2 strut.

Table 8. Imperfection results for Bottom?2 strut.

 (m) e (m) &, £
0 0 -100.5 -100.5
0 0.001 -32.2 -168.8
0.001 0 -16.2 -184.8
0.00008 0.00008 -88.3 -112.7
Experimental Microstrain -86 -103

The Bottom3 strut experienced a load of -856 N in the experiment, and the two microstrain
values recorded were -77 and -34. The results are shown in Table 9. For the Bottom3 strut, it was
found that an initial imperfection value of 0.00073 m and load eccentricity of 0.00053 m were the
values that best replicate the experimental strain in the Bottom3 strut.

The strains for & and &, could not be matched exactly since trying to replicate one value would
significantly increase the difference for the other, so the goal was to get as close to the experimental
values as reasonable. These initial imperfection and load eccentricity values indicate that, for a
2.9-m strut, there could be a very small bow in the structure when manufactured and should be

considered in future analyses.
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Table 9. Imperfection results for Bottom3 strut.

uim) | e(m | & Ep
0 0 -59.0 -59.0
0 0.001 -28.8 -89.2
0.001 0 | -50.0 -68.1
0.00073 0.00053 -36.4 -81.6
Experimental Microstrain| -34 =fd

4.4 DISCUSSION

Overall, the experiment and analysis have correlation with fifteen out of the eighteen struts
within the 10% difference threshold after additional analyses from the baseline were conducted
with the objective of adding model fidelity to increase the number of struts within the threshold as
discussed in Section 4.2. The additional analyses that varied the tensile and compressive elastic
modulus improved correlation for two additional struts on two separate analyses; the baseline
analysis using the average elastic modulus produced the best results in Table 3 resulting in 13
struts within the 10% difference threshold. There are several approaches with the experiment and
the analysis that can be pursued to help improve correlation for the three remaining struts that are

still over the desired error threshold.

4.4.1 Experiment Discussion

The struts with the highest error are Bottom?2 and Bottom3 which both have about 25% error.

Upon further investigation of the TriTruss module and instrumentation, it was noted that the strain
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gages on Bottom2 and Bottom3 were positioned differently compared to Bottom1. The intention
was to have the strain gages positioned on each strut as Fig. 9 illustrates, which is the way the strain
gages were installed on Bottom1. The Bottom2 and Bottom3 struts had strain gages installed in
the right and left positions rather than the top and bottom positions as shown in Fig. 26. A correc-
tion to ensure strain gage placement is in the appropriate orientation could improve correlation in
Bottom2 and Bottom3. Since these two struts had the highest error, another solution could be to
add additional strain gages on the left and right ends of each strut in the bottom triangle to capture
strain the struts experience closer to the joints. In addition, LVDTs (Linear Variable Differential
Transformer) and strain gages installed on the joints can help record displacements and strains that

will provide additional load deflection data for correlation.

Correct strain gage Incorrect strain gage
placement placement

Figure 26. Configuration for strain gage application.

4.4.2 Analysis Discussion

Improvements to the FEM could be made with more detailed joint modeling. Currently, the
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analysis models the joints using the approximate geometry and generic aluminum properties and
assumes the struts are perfectly connected at the joints. Further testing on the joints would be
needed to obtain joint properties. Also, detailed modeling of the adhesive bonding the struts to the
joints could improve the accuracy of the TriTruss module model. This could also entail testing the
adhesive to better model the behavior. Also, including the testing hardware of the spreader bar in
the analysis could improve the results so the analysis would be more representative of the experi-
ment. The imperfection analysis of the struts indicated that very minor imperfections significantly

influence the analysis results and should be considered for all future analyses.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

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 appli-
cations, such as the iSAT. Since larger space telescopes require larger instruments that must meet
stiffness requirements, a characterization study was needed of the TriTruss module to investigate
whether it will meet the stiffness requirements. Since the TriTruss is currently at a low technology
readiness level (TRL), initial testing and analysis of the structure is needed for the TriTruss to be
considered in the assembly of a metering truss and primary mirror support truss for an iSAT. The
purpose of this thesis was to ascertain, for the first time, the ability to measure first generation
TriTruss structural response and accurately reproduce that behavior with an analytical model, es-
tablishing a framework for prediction by analysis and design tailoring. Structural characterization
from testing and analysis were needed to ensure the structural performance of the struts that make
up a TriTruss module. The test setup configuration and loads applied to the TriTruss module as
well as the analytical methods were discussed. Also, the results obtained from tests were sum-
marized, including a comparison with analytical results. Overall, the experiment and analysis had
varying correlation with fifteen out of the eighteen struts being within the 10% error threshold.
Top2, Bottom?2, and Bottom3 were the only struts over the error threshold with the lowest errors
resulting in 16.47%, 19.79%, and 26.31% error, respectively after further studies were conducted
to improve the strut analysis correlation. There were several modifications that can be addressed

to further improve the experiment and the analysis correlation. For the experiment, all strain gages
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should be in the correct orientation before running future tests. Additional strain gages can also
be used on the bottom struts to capture strains experienced closer to the joint, as well as including
LVDTs on the joints to record any displacements that may occur. For the analysis, detailed joint
modeling, including modeling of the adhesive bonding the struts, could enhance test and analysis
correlation. Higher fidelity models more representative of the experiment may be able to more
accurately predict the strains in the analysis. It is also important to conduct an imperfection evalu-
ation for any struts experiencing large errors since very minor imperfections can make a significant

difference in analysis results.
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