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Nonlinear Modeling of Joint Dominated Structures
Summary

The objective of our Controls Structures Interaction (CSI) Guest Investigator Program
investigation is to develop and verify an accurate structural model of the non-linear joint-dominated
Mini-Mast truss. Our approach is to characterize the structural behavior of the Mini-Mast joints
and struts using a test configuration that can directly measure the struts' overall stiffness and
damping properties, incorporate this data into the structural model using the residual force
technique, and then compare the predicted response with empirical data taken by NASA at the
Langley Research Center (LaRC) during the modal survey test of the Mini-Mast.

In our investigation, a new testing technique, referred to as "link" testing, was developed and
used to test prototype struts of the Mini-Mast. Data from these tests showed the structural behavior
of the Mini-Mast longerons and diagonals to be quite complex, though linear for low load and
excitation levels. Appreciable nonlinearities including free-play and hysteresis were also
demonstrated. Since static and dynamic tests performed on the Mini-Mast also exhibited behavior
consistent with joints having free-play and hysteresis, nonlinear models of the Mini-Mast were

constructed and analyzed.

The Residual Force Technique was used to analyze the nonlinear structural model of the Mini-
Mast having joint free-play and hysteresis. The motivation to do so was based partly on the link
tests and also on the the observed behavior of the 18 bay Mini-Mast truss in static torsion tests.
Results from these analytical studies show that the dynamic torsional response of the Mini-Mast is
greatly affected by gaps as small as one milli-inch. Comparison of the predicted response of the
analytical model to the empirical results taken from the Mini-Mast show good agreement although
additional improvement may be obtained with additional testing and system identification.
Nevertheless, an improved nonlinear model of the Mini-Mast is obtained and is used to explain
several amplitude dependent phenomena demonstrated by the Eigen Realization Algorithm (ERA)

program.

Motivation for using the residual force technique and link testing is discussed in Section 1.0.
The link testing performed for the Mini-Mast struts is discussed in Section 2.0. Investigation of
the Mini-Mast using the residual force technique is given in Section 3.0. Documentation of the

techniques and computer codes used in the nonlinear Mini-Mast model is given in Section 4.0.

Concluding remarks are given in Section 5.0.
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1.0 INTRODUCTION & BACKGROUND

The Residual Force Technique, developed earlier by Boeing under a NASA Marshall Space
Flight Center contract NAS8-36420 (Ref.1), can perform the transient analyses of large, flexible,
and joint-dominated structures when the deformation of such structures is governed primarily by
axial contraction or elongation in the structural members. The technique permits substantial size
reduction in the number of degrees of freedom describing the nonlinear joints and beams within the
Mini-Mast and can account for such nonlinear joint phenomena as free-play and hysteresis. In
general, joints can have arbitrary force versus displacement and velocity functional descriptions

generally referred to as force-state maps (Ref. 2).

One essential feature of the residual force technique is to replace the arbitrary force-state state
maps describing the nonlinear joints and beams with residual force-state maps describing their
collective behavior over all the truss "links" or struts. The main advantage of this replacement is
that the incrementally small relative displacements and velocities across a joint are not monitored
directly thereby avoiding numerical difficulties. Instead, very small and soft nonlinear residual
forces are defined giving a numerically attractive form for the equations of motion. Moreover, the
nonlinearities are all contained on the "right hand side" of the equations of motion permitting modal
reduction techniques to be applied to the linear left hand side. The equations of motion of a joint
dominated truss may therefore be analyzed using only a few global modes with the link
nonlinearities restricted to their effect on these modes alone. Figures 1-1, 1-2, and 1-3 give an
outline of the residual force technique along with the modeling assumptions and advantages of the
link concept. A full discussion of the residual force technique is given in Appendix C for

convenience.

The testing technique developed here is specifically designed to directly measure the axial
behavior of the truss struts in a test configuration as close to the actual Mini-Mast configuration as
possible. Since the structural properties so determined characterize the strut or link behavior within
the Mini-Mast truss, the testing technique is referred to as "link" testing. There are many
advantages to this link testing. First, direct tests on the truss links can validate the analytical
assumption that the links are governed primarily by axial elongation and contraction. Second, link
testing could identify behavior that could not be predicted from joint tests alone. And third, link
testing could identify a fatal design flaw early on in the design of a deployable truss. Link testing
should therefore prove to be a valuable tool for NASA in ascertaining both the structural integrity

of a deployable truss and its predictability.




One advantage of link testing over individual joint testing is that the stiffness and damping
properties of the overall strut are determined directly. Joint tests are usually performed to measure
the axial stiffness and damping of a joint in a test jig that restrains lateral motion. Such lateral
restraints do not exist in the truss structure and, as a result, strut behavior may not be predictable
from individual joint tests alone. In general, link testing will be necessary for those struts that
exhibit large lateral bending under applied axial loads as is the case for the Mini-Mast struts.
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Assumptions:
e Batlens do not have pinned joints (otherwise joint rotation modes would exist)
o Truss links are axial load carrying members only
o Joints are described by arbitrary force maps
e Inertial effects can be lumped at the mass nodes

Claim:
o The ability or inability to analyze the above truss is determined by the ability
or inabilily to analyze the nonlinear “truss links” with an efficient, stable
numerical integrator

Figure 1-1. Residual Force Technique Modeling Assumptions
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Advantages of link concept

e Substantial size reduction obtained even before modal
extraction

e Numerical instabilities avoided by lumping small joint
masses al mass nodes é

o Link tests can be performed to validate analytical Link
assumptlions

e Stable integration achieved by transforming the force
maps of the joints Lo residual force maps of the links

Fyoint = fJ (xJ,xJ) » I'r = fr&x,Ir)

xJ = relative displacement x, = relative displacement of

in joint link
fJ = force map I'r = residual force inlink

Figure 1-3. Residual Force Advantages



2.0 LINK TESTING

Two prototypes of Mini-Mast struts or links were tested, longerons and diagonals. Both
longerons and diagonals have hinges at each end which are not perpendicular to the axis of force
through the link. All longerons tested were identical, but there were two types of diagonals due to
the two different orientations of the collapsible center hinge with respect to its end fittings. The
different orientations of the diagonal center hinges are necessary to accommodate folding of the
diagonals in the stowed Mini-Mast configuration. The prototypes differed from the actual Mini-
Mast hardware in several important ways. First, the tubing diameters for both the diagonals and
longerons were smaller. Second, the torsion spring of the prototype center hinge was appreciably
weaker. And third, the tolerances of the actual Mini-Mast hardware appeared to be greater than the
the prototypes.

The link testing configuration and measurement system designed for the Mini-Mast struts is
shown in Figure 2.1. This configuration was generally adequate for the Mini-Mast struts for low
frequencies but exhibited deficiencies at frequencies above the first bending frequency of the strut.
The reasons for these deficiencies and the proposed modifications to the link testing apparatus and
instrumentation are addressed in Section 2.9.

CSA Engineering, Inc. on subcontract to Boeing performed the link testing. In a brief
summary of the results, the behavior of the prototype links were found to be quite complex,
though linear at low force levels and frequencies. Free-play and Coulomb friction were exhibited
by both the diagonals and the longerons at their endfitting connections to the Mini-Mast
cornerbodies. The extensional stiffness of the prototype diagonals showed 300 percent unit to unit
variations and were also greatly affected by their first bending mode near 12 Hz. Strong axial-
bending coupling was also exhibited for the diagonal links. This coupling, however, could be
affected by the low bending stiffness of the prototype diagonals and their weak center hinge
torsional spring. The axial-bending coupling also appeared to be a function of joint misalignments
and/or eccentricities. Moreover, sagging due to gravity of the heavy diagonal center hinge also was
shown to have an effect of the diagonal stiffness. Although no tests were performed on the actual
Mini-Mast diagonal hardware, it is the opinion of the principal investigator that the stiffer Mini-
Mast diagonals would not exhibit the axial-bending coupling exhibited by the soft prototypes.

The test articles and assembly are discussed in sections 2.1 and 2.2, respectively. Data
acquisition, reduction and interpretation are discussed in sections 2.3 and 2.4. Test results are
given in sections 2.5 thru 2.7. Conclusions and recommendations are given in sections 2.8 and

2.9, respectively.
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Figure 2-1. Mini-Mast Diagonal Test Assembly
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2.1 Test Articles

Two prototypes of Mini-Mast links were tested, longerons and diagonals. Both longerons and
diagonals have hinges at each end which are not perpendicular to the axis of force through the link.
Further complications arise with the diagonals since 4/5 of their mass is lumped in a collapsible
hinge at the center. All longerons are identical but there are two types of diagonals. Figure 2-2
shows each of the diagonal types and labels them as types M and N for further discussions in this
report. They differ from one another in that their endfittings and center hinges have different
orientations about the link axis. Unlike the longerons, diagonals also have dissimilar endfittings at
either end. Shown in Figure 2-3 are the two types of endfittings. In this report they will be referred

to as Types A and B.
0.470
ok Type A Endfitting
PN
/ a &
] J
ot 0.485

Type B Endfitting

: | B

Figure 2-3. Endfitting types A and B for diagonals

The Mini-Mast truss is constructed with inter-link connectors called cornerbodies. Figure 2-4
shows the two type of cornerbodies. A cornerbody labeled Type A accommodates two A style
diagonal endfittings above and two longeron endfittings below. Type B cornerbodies differ only in
that they accommodate diagonal Type B fittings rather than Type A.
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All Mini-Mast cornerbodies and links were uniquely numbered by CSA. Three diagonals were
received and were arbitrarily numbered from one to three. These numbers correspond to those in
the tables of this report. Endfittings from diagonal number 1 were referred to as 1A or 1B
depending on whether they were endfitting Type A or B, respectively. Cornerbodies were
numbered similarly. For example, Cornerbody 1A refers to the first connector that accommodates
Type A diagonal endfittings. Brass block adaptors were made by CSA and referred to as Type O
connectors. Their purpose is discussed in section 2.2. The above conventions were established so
each substantial Mini-Mast part could be easily recorded and uniquely recognized.

The dummy tube used for initial test checkout was a batton from the second generation CSI
truss from NASA LaRC. It was an aluminum tube with a 0.039 wall thickness. A 30 inch segment
of the tube was used as the test section. Its stiffness was predicted to be 24,055 pounds per inch,
and was expected to be similar to those of the Mini-Mast articles.

2.2 Test Assembly

Boeing and CSA had previously developed the apparatus and tested the dynamic force
deflection properties of truss links (Ref. 1). Fixturing for these tests was similar though custom
designed for the Mini-Mast links which were tested horizontally on a rigid workplate as shown in
Figure 2.1. The plate functioned as a stiff support for fixturing as well as for an alignment
reference for the test assembly. Relative axial displacement and velocity between the link ends was
sensed using targets mounted to the cornerbodies. Transducers near the center hinge measured
lateral displacements. Linear bearings were placed at the driving end to direct force accurately and

maintain orientation of the brass endfitting adaptor.

Special clevises were constructed to adapt the endfittings to a load cell. Hardened brass was
used since its elastic modulus is close to that of titanium, and the metal sections were constructed to
be similar to that of the cornerbodies. Critical dimensions and tolerances (such as clearances at

endfittings) were measured from the titanium cornerbodies.

Seven transducers were used simultaneously in the joint test fixturing. Four displacement
sensors were of the noncontacting eddy-current type. Two Kaman KD4200-1SU probes were
used for axial displacement sensing. They were summed to create one differential displacement
channel across the test section. Trans-Tek Model 0100-00000 linear velocity transducers measured
axial velocity across the test section in a similar configuration. Two Kaman KD2300-8C probes
sensed transverse displacement of the center hinges vertically and horizontally. Finally, a Kulite
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TC-2000 strain gage load cell was used to measure force imposed on the link. Figure 2.1 shows
the locations of these transducers within the test assembly.

2.3 Data Acquisition

Sinusoidal excitation was used for hysteresis loops and force state maps. Hysteresis loops
were constructed by plotting force against displacement. These plots were made with constant
amplitude sinusoidal force input while the force state maps were constructed with amplitude
modulated sine input. Force-state data was acquired by applying a linear ramped sinusoidal carrier
excitation to the specimen. Both velocity and displacement were treated as dependent variables.
External profiles against the velocity-displacement plane of these plots were determined by the
response of the test article.

Frequency response functions of bending compliance were measured for some truss links.
Measurements for these tests were triggered by the impact of an instrumented force hammer against
the center of the link. Lateral displacement and force signals were digitized, Fourier transformed
and effectively divided to obtain these plots.

Interest developed in the lateral deflection properties of the diagonals to enable a better
understanding of the large discrepancies in their axial stiffness. Static lateral stiffness tests were
performed by hanging weights from the center hinge and reading the displacements from the
vertical displacement transducer.

Diagonals were found to sag considerably in their test orientation. Transverse displacements
due to gravity were measured with a height gage. The sag of a diagonal due to gravity was
estimated by measuring the difference in composite tubing height between the center hinge and the
average of its ends.

2.4 Data Reduction and Interpretation

Transducers were configured to respond along the following polarity conventions. Positive
forces correspond to compressive and negative to tensile. All displacement were positive for
movement away from the transducer, and negative towards it. Axial deflections plotted in
hysteresis loops and force state maps were effectively differenced by factoring the transducers out
of the test section. Therefore, extension of the test section is seen as a positive signal and shrinkage

14



as negative. Velocity transducers were configured so that compressive rates across the test section

were positive and tensile rates were negative.

Hysteresis loops were used to calculate both stiffness and damping. If a loop is an undeformed
ellipse (a very narrow ellipse appears as a line) then a single linear spring constant can be
calculated. Figure 2-5 shows how the stiffness was calculated from the slope of the major axis.
Loss factor, a measure of the ratio of dissipated energy divided by the stored energy per cycle was
calculated as shown in Figure 2-6. Area inside the loop, the dissipated energy per cycle, is directly

proportional to its damping.

Force-state maps were created with a three dimensional mapping routine. Simultaneous data
output of the three channels (displacement, velocity, and force) were processed through software
which averaged the force bins of equal velocity and displacement. Force-state maps are plots of

these averaged force values against velocity and displacement.
2.5 Dummy Test Results

Dummy tube test were performed to verify the test method. Extensional stiffness of the dummy
tube was calculated as 24,100 pounds per inch. Measurement results yielded a stiffness of 23,100
pounds per inch. These results were considered suitable since they only differ by 4 percent.
Damping of the aluminum tube was below the resolution of the test technique; i.e, for loss factors
less than 0.006. This was also expected since the loss factor for drawn aluminum tubing is below
this value. Force state maps of the specimen show no evidence of nonlinearity.

2.6 Longeron Test Results

Longeron tests also yielded reasonable and expected results. Stiffness at low excitation levels
were consistent within 20 percent. Average longeron stiffness at 10 pounds zero to peak and 1 Hz
was 68,500 pounds per inch. Table 2-1 contains summarized results of the longeron tests. Loss
factors for low level (less than 10 pounds O-to-peak) longeron measurements were less than 0.15.
Actual damping at this excitation level is most likely a fraction of the above test value since small
displacements created from the low excitation levels and the high stiffness of the test article limited

the resolution of the damping measurements.

Each longeron assembly demonstrated a unique nonlinear response at higher force and/or
frequency levels. Nonlinearities were large enough to be readily perceived in the force-state maps
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Figure 2-5. Stiffness Extraction From a Hysteresis Loop
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Figure 2-6. Loss Factor Calculation From a Hysteresis Loop

17



81

o 1 Hz 10 Hz 20 Hz
Force Levels (0-to-peak) | <10 1b | <20 1b | <50 1 | <101b | <20 1b | <50 1b | <10 1b | <20 1b | <50 1b
Longeron Test 2
Stiflness (1b/in) 71,300 | 67,800 | 69,100 66,000 | 66,000 | 70,000 | 67,800 | 58,500
Loss IFactor <0.15 | <0.03 0.09 <0.03 0.07 <0.15 | <0.03 0.08
Longeron Test 3
Stiffness (1b/in) 73,500 | 60,000 * 75,600 | 75,900 & 65,700 | 57,100 *
Loss Factor <0.15 0.20 0.13 <0.20 0.11 <0.20
Longeron Test 4
Stiffness (1b/in) 58,900 | 52,600 | 49,500 | 56,400 51,600 | 56,300 | 56,100 | 46,300
| Loss Factor <0.15 | <0.02 | £0.04 | <0.15 <0.04 | <0.15 | <0.06 0.10
Longeron Test 5
Stiffness (1b/in) 70,400 | 64,700 * 65,800 | 64,000 * 69,800 | 62,900 i
Loss Factor <0.15 | <0.02 <0.15 | <0.02 <0.15 0.02

* Appreciable nonlinearity in hysteresis loop.

Table 2-1. Results of Longeron Tests




Test Set-Up Summary

Longeron Tests

Test No. Longeron No. Titanum Endfitting No. Endfitting No.
Cornerbody No. at Titanium at Brass
Cornerbody Connector
Longeron #2 3-4 2A 4 3
Longeron #3 1-2 1B 1 2
Longeron #4 1-2 2B 1 1
Longeron #5 3-4 1A 3 4

Table 2-1(b).

Longeron Test Set-Up Summary
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Figure 2-7. Force-State Maps From Longerons
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in two of the four assemblies. The hysteresis loops show the nonlinearities for the other
assemblies. Figure 2-7 contains force state maps of the most linear and nonlinear longeron
configurations. Compressive stiffness for the longeron in test 3 varied nearly two to one from the
tensile. Appendix B contains the hysteresis loops and force state maps for the longerons for the test

conditions.
2.7 Diagonal Test Results

The stiffness and damping behavior of the diagonals turned out to be very complex.
Knowledge gained by early testing of the diagonals redirected the focus of the following tests.
Table 2.2 summarizes the test sequence. Diagonal tests 2 and 3 were performed similar to the
longeron tests. These diagonal tests yielded linear stiffnesses that varied nearly by 300 percent
from one another as shown in Table 2-3. These results de-emphasized the force state map
constructions and began a search for the cause of the stiffness mismatch. Data acquisition at 10 Hz
and above was eliminated since the first bending modes were at 12 Hz and stiffness measurements
are not valid when the test fixturing or articles have resonance in the test band. Lateral frequency
response, static bending tests, and other transverse measurements supplemented the axial tests as
diagnostics tests for the peculiar behavior of the diagonals. Attempts were made to measure axial
stiffness immediately across local interfaces, yet the fixturing was inadequate for these
measurements because diagonal bending introduced errors in the sensed axial displacement.

Mini-Mast link tests documented in this report are numbered from 2 to 11. Test numbers
denote a specific assembly of articles. However, the assembly may not be unique to one test
number. Numbered tests that are appended by letters specify different fixturing arrangements
around an identical assembly of cornerbodies and link. For example, 8D and 8E both were on
diagonal 1, cornerbodies OA and 2B. They differ only by lateral displacement constraints (flexures)

imposed on the latter test to eliminate bending of the test article.

Diagonal tests were repeatable for a given assembly and test condition yet the results are not
completely understood. In most cases, these links responded linearly with stiffness values from
4600 to 18,500 pounds per inch for the N and M type diagonals respectively. Appreciable
nonlinearities were also found to exist due to opening of the center hinge. This behavior is
probably eliminated from the diagonals of actual Mini-Mast truss since the center hinge restraining

spring is much stiffer.
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Dummy
Tube

Test

Longeron
Tests
No. 2-5

Diagonal Tests

7

8D

8E

8F

8G

9A

10A

11

Measurement Along
Axis of Specimen
e Hysteresis Loops!
Force-Frequency Grid? v
10 Ib peak — 1 Hz
20 1b peak — 1 Hz
40 1b peak - 1 Hz
Maximum possible Ib — 1 Hz
10 1b peak — 5 Hz
20 1b peak - 5 Hz

e Force-State Maps

1 1z v
10 Hz Vv
20 Hz v

e Random Excitation®
5 pounds ris Vv
25 pounds rms v

NS

v

SR
o

SRS
LS

W N
SR A

R

! Hysteresis loop measurements also include simultaneous lateral displacement time histories of the center hinge in

vertical and horizontal directions.

2 Force-frequency grid consists of all possible combinations between 1, 10, and 20 Hz and 10, 20, 40, and maximum
possible pounds force (0-peak). Dummy tube grid excepted, it was combinations of 1, 10, and 20 Hz and 2, 20,

50, and 75 pound (0-peak).

3 Frequency Response functions between transverse displacement and axial force on the diagonals

Table 2-2. Test Sequence on Links
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Dummy
Tube

Test

Longeron
Tests
No. 2-5

Diagonal Tests

T

8D

8E

8F

8G

9A

10A

11

Transverse Measurements
e Lateral Impact at Center Hinge*
Horizontal Direction Vv
Vertical Direction

o Static Stiffness Test®
ITorizontal Direction
Vertical Direction

o Free Sag at Center Hinge®

S5

A

o

v

St

A

~s

? Frequency response measurements of lateral displacement and force. Broadband force input provided by impact

of instrumented hammer near center hinge.

® Static stiffness test performed by hanging weights on the center hinge. Stiffness was obtained by dividing incre-

mental force by deflection.

6 This is the vertical displacement of center hinge due to gravity. Displacement value resulted from difference
between the composite tubing height (top edge) near center hinge and the average of composite tubing height (top
edge) near endfitting. Measurement does not compensate for undeformed eccentricity of the link, however, tubing

was confirmed to be within diametrically consistent +0.001 inches.

Table 2-2. Test sequence on Links (Continued)




The large discrepancies in diagonal stiffness seemed to exist between the single M style
diagonal and the two N diagonal tested. Section 2.1 discusses the differences between the two
links being simply the orientation of the center hinge. Orientation of the center hinge should not
affect the axial stiffness, however. As shown in Table 2-3, diagonal types M and N responded
with stiffnesses of around 15,000 and 5,000 pounds per inch, respectively. Additional tests
performed to explain this discrepancy are discussed below, but these did not completely resolve the

issue.

Diagonal test results were repeatable within 20 percent. Section 2.8 offers an explanation for
this scatter in the repeatability, and Appendix A contains a comprehensive collection of hysteresis
loops for comparison. Lateral displacement orbit plots also found in Appendix A are from the same

measurement as the immediately preceding hysteresis loop.

Differences in bending stiffness as a function of axis orientation were recorded between
diagonal types M and N. Figure 2-8 contains orbit plots of transverse displacements plotted against
each other. They show that transverse deflections of Test 2 responded at a ratio of nearly four to
one, vertical against horizontal. The displacement ratio in Test 3 was about one to one. Attention
was focused on bending stiffness in these orthogonal directions once these differences were
observed. Lateral impact and static bending tests were performed on later assemblies. Plots for
lateral impact tests are displayed in Appendix A. Resonant frequencies varied by less than 0.6 Hz
in each case. Static stiffness measurements were performed on configurations of tests 6, 10, and
11 in the vertical direction. In each case, stiffnesses were about 30 pounds per inch plus or minus

one.

Diagonals did occasionally exhibit some nonlinear characteristics even though the force state
maps indicated a linear response. The greater detail offered by hysteresis loops and less time
averaging during their data acquisition enabled detection of the deviations. Two distinct
nonlinearities were observed during diagonal testing. The first is shown in the hysteresis loop in
Figure 2-9. It was recognized as random deviations from the elliptic path of a hysteresis loop and
was most likely caused by clearances at the endfitting interfaces. These effects were not generally
appreciable for the diagonals. The second nonlinearity for the diagonals is shown in the hysteresis
loop in Figure 2-10. This nonlinearity was most likely due to opening of the center hinge.
Although this effect was significant for the diagonals tested in the link testing apparatus, it may not
be important for the actual Mini-Mast diagonals having very stiff center hinge restraining springs.
Section 2-8 discusses the expected causes and ramifications of both of these nonlinearities in
further detail.
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14

[ Center Hinge
Cornerbody? | Orientation Stiffness klbf/in
Vertical
Test | Link Break Lateral Displacement® at 1 1z at 5 Hz
No | No! A B Dir.® | Pin* | Support® (in) 10 Ibf | 20 Ibf | 50 Ibf | 10 1b | 20 1b Remarks
2 2 0 1 U H none G 15.0 15.8 16.2
3 1 0 2 U \% none G 52 6.0 &
4 2 2 0 D A% none G 8.9 8.8 8.9
5 2 0 1 U H none G 18.5 18.1 18.2 repeat of test 2
6 il 0 2 U A% none G 6.2 5.8 & repeat of test 3
7 1 0 2 U A% flexures | 2-1bf upward force | 9.5 9.3 9.2
8D 1 0 2 U v none G 6.2 5.8 5.3 | repeat of test 3
8E 1 0 2 U A% flexures G 8.7
8r 1 0 2 U \% flexures .073 upwards® 9.3
8G 1 0 2 U A4 flexures .133 upwards® 10.1 10.5
9A 1 0 )\ U \% none G 6.1
10A 2 0 1 U H none G 14.6 15.8 repeat of test 2
11 3 0 1 U A% none G 4.6 *
Notes:
1 Link numbers assigned by CSA — different from BAC numbers. See text for further explanation.
2 0 = Drass fitting (load cell end), 1 or 2 = actual titanium cornerbody.
3 U (D) means link ends move upwards (downwards) relative to the center when hinge folds.
4 H (V) means center hinge axis is oriented 22 (8) degrees CW of horizontal (vertical)
viewed from stiffback end of link.
5  See text for description of flexures.
6 G = Displaced downwards by sag due to gravity (unmeasured).
7 Displaced upward approximately halfway from gravity-loaded position to straight.
8  Displaced upward to straight.
*

Appreciable nonlinearity in hysteresis loop. It is postulated to be from opening of center hinge.

Table 2-3. Stiffness Results From the Diagonal Test
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Diagonals responded with light damping. The maximum loss factor seen from a linearly
responding assembly was 0.04. Loss factor results are shown in Table 2-4. Instrumentation and
test technique determined the smallest resolvable loss factor at 0.007. Damping may have been less
than this resolution limit. In cases where the center hinge opened and a nonlinear hysteresis loop
was created, loss factors as high as 0.07 were recorded. Figures 2-10 and 11 are examples of
maximum damping for the nonlinear and linear cases, respectively. Note again that the link tests
used diagonal having no center hinge locks. Therefore, higher damping values that resulted from
energy dissipation during opening and closing of the hinges may not be seen in the Mini-Mast test
article.

Diagnostic tests were performed in an attempt to understand the large stiffness discrepancies
exhibited by the diagonals. Tests 7 and 8 were performed with the lateral deflections of the center
hinge constrained. This constraint could also eliminate the sag of the center hinge imposed by
gravity. The stiffness of the diagonals for constrained lateral deflections increased by 61 percent. It
should also be noted that no nonlinear effects were observed for the laterally constrained diagonals
even though forces as high as 50 pounds 0-to-peak were applied.

Other miscellaneous diagnostic tests were performed on the diagonals in an attempt to better
understand their response. Static lateral stiffness measurements were performed on diagonal test
configurations 6, 10, and 11. In each case, transverse vertical stiffness results were 30 pounds per
inch plus or minus one pound per inch. Out of round measurements were also performed. Results
of these measurements are shown in Table 2-5. In general, center hinges were displaced
downward between 0.125 to 0.220 inches with respect to its endfittings. These values may be
exaggerated due to inherent out of round of each diagonal since this test measured the total
deflection due to gravity and undeformed eccentricity of the link. Center hinges weighed about 2.0
pounds each and a diagonal would be expected to sag only about 0.067 inches (at 30 pounds per
inch lateral stiffness). Undeflected out-of-round tolerances were not measured.

28




Center Hinge e
Cornerbody? | Orientation Loss Factor
e e VCr(»iC(ll RS
Test | Link Break Lateral Displacement® at 1 Hz at 5 Hz
No | Not! A B Dir.® | Pin* | Support® (in) 10 Ibf | 20 1bf | 50 Ibf | 101b | 201b Kemarks
i 2 0 1 U H none 3 <0.04 | <0.02 [ 0.03
3 1 0 2 U \% none (¢ <0.04 | <0.02 | 0.07
4 2 2 0 D A% none G <0.04 | <0.02 | <0.007
5 2 0 1 U IT none G <0.04 | 0.04 0.02 repeat of test 2
6 1 0 2 U A% none G <0.04 | <0.02 0.02 repeat of test 3
0 1 0 2 U \Y flexures | 2-1bf upward force | <0.04 | <0.02 0.03
8D 1 0 2 U A% none G <0.04 <0.04 | <0.02 | repeat of test 3
8E il 0 2 U \Y% flexures G <0.04
8F 1 0 2 U \% flexures .073 upwards® <0.04
8G 1 0 2 U Y flexures .133 upwards® <0.04 <0.04
9A 1 0 1 U A% none G <0.04
‘ 10A 2 0 1 U H none G <0.04 <0.04 repeat of test 2
| 11 3 0 1 U A% none G <0.04 <0.04
3
Notes:
‘ I Link numbers assigned by CSA — different from BAC numbers. See text for further explanation.
| 2 0 = brass fitting (load cell end), 1 or 2 = actual titanium cornerbody.
| 3 U (D) means link ends move upwards (downwards) relative to the center when hinge folds.
4 H (V) means center hinge axis is oriented 22 (8) degrees CW of horizontal (vertical)
viewed from stiffback end of link.
5  Sce text for description of flexures.
6 G = Displaced downwards by sag due to gravity (unmeasured).
7 Displaced upward approximately halfway [rom gravity-loaded position Lo straight.
| 8  Displaced upward to straight.

Table 2-4. Loss Factor Results From the Diagonals
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Sag at Center

of Link (Inches) 1

Test Series 8 0.123
Test Series 9 0.100
Test Series 10 0.217
Test Series 11 0.157

Table 2.5. Eccentricities of Diagonals Under a Gravity Field.

2.8 Link Test Conclusions

Link testing of the Mini-Mast prototype struts showed that the structural behavior of the
longerons and diagonals to be quite complex, though linear for low load and excitation levels. This
is not surprising since structures having complicated mechanical hinges that are exposed to
alternating loads generally display complex stiffness and damping characteristics. The Mini-Mast
longerons and diagonals have hinges at each end which are not perpendicular to the axis of force
through the link. This permits the endfitting to slide along the pin connecting the endfitting to the
cornerbody. Since the endfitting fits in the cornerbody using a tongue and clevis concept, the
endfitting will slide along its pin until the endfitting tongue contacts the wall of the clevis. The
manner in which this contact area varies with load can have a large effect on stiffness.

Additional complexities exist for the diagonals. First, the diagonals have a collapsible hinge
located midway along its span. This hinge comprises 4/5 of the diagonal's total mass and because
of the diagonal's low bending stiffness, gives rise to a first bending frequency between 11.8 to
12.4 Hz when the diagonal is supported at its ends. Force deflection properties were significantly
affected by the inertia of this mode near or above the resonant frequency. Force state mapping
assumes the force to be a function only of displacement and velocity and not of acceleration. As a
result, data acquisition at or above the resonant frequency was discontinued.
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A second complexity for the diagonals is due to the off-axis misalignment induced during
assembly of the diagonal's two endfittings, two graphite-epoxy tubes, and the center hinge. The
misalignment of the center hinge with respect to its endfittings was measured and reported in
Section 2.7. This off-axis misalignment will most likely cause the diagonal to bend under an
applied axial load and to give an apparent decreased axial stiffness. This conjecture seems to be
supported by the lateral restraint tests (also discussed in Section 2.7) in which the axial stiffness of
the laterally restrained diagonals increased by 61%. The source of the large 300% variations
between the different diagonals may also be attributable to center hinge off-axis eccentricity but the
effect is still not fully understood. Only three diagonals were tested and additional specimens need
to be tested to support a general conclusion. Furthermore, the actual Mini-Mast diagonals are much

stiffer in bending and the above anomalies may not be present.

Both the longerons and diagonals behaved linearly for low load and excitation levels, and
became increasingly nonlinear for higher loads and excitation levels. Two types of nonlinearities
were observed. In the first, a transition from a linear to nonlinear response was observed to occur
about a breakaway excitation level. It is likely that this type of nonlinearity is the result of the
endfittings interacting with the cornerbodies. Links appear to be linear at low load since breakaway
friction had not been exceeded and the endfittings did not slide along their pins. Larger excitation
levels and frequencies worked to exceed these friction forces and slipping occurred. This
conjecture is also supported by the results that damping increased when the nonlinearities began
occurring, and that the links came to rest at different locations once the excitation ceased. The
character of the "breakaway" nonlinearity also varied significantly between link assemblies.
Variations in amount of clearances between the endfitting and the cornerbody were also observed
to appreciably affect both the breakaway levels and nonlinear magnitudes. Furthermore, repeated
assembly and disassemble introduced wear and/or changed the clearances making responses differ

measurably.

It is also conjectured that the 20 percent variations in link stiffness that were observed for
different assemblies of the same test article was due to the varying clearances between the
endfittings and cornerbodies. Although the hinges were designed with very little clearance, surface

contact between the endfitting tongue and the cornerbody clevis may dominate their response.

The second type of nonlinearity observed was in the testing of the diagonals under compressive
load. The hysteresis loop shown in Figure 2-10 indicates a sharp decrease in stiffness in the
compressive range. This behavior is most likely due to the center hinge and suggests that the hinge
is beginning to open. It seems plausible that the low bending frequency and large off-axis
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eccentricity of the center hinge can lead to premature opening of the center hinge. If so, closer
manufacturing tolerances or an improved design would be warranted. The consequences of a
premature opening of a diagonal center hinge could be catastrophic for a truss during in-space

operation.

To better understand the effects of the individual components of the diagonal links, attempts
were made to take measurements across smaller lengths of the diagonal link assembly. Bending of
the diagonals, however, caused the off axis displacement transducers to move axially and thus
corrupt the axial displacement measurements. Although this testing of each individual joint would
have been the most effective troubleshooting method, fixturing redesign and additional

instrumentation costs were not within budget.

In conclusion, link tests of the Mini-Mast prototype longerons and diagonals showed that their
structural behavior to be quite complex, though linear for low load and excitation levels. Marked
unit to unit variations in stiffness and appreciable nonlinearities including free-play with Coulomb
friction were also demonstrated. The tests were inconclusive, however, in identifying the source of
the unit to unit variations and other anomalies and the need for additional testing of actual Mini-
Mast hardware was demonstrated.

2.9 Link Test Recommendations

Testing of the prototype diagonals has yielded a great deal of new information but has also
produced inconsistencies and new questions. With the experience described above as a basis, a
number of recommendations can now be made relative to improving the test procedure and
apparatus. Some are intended to remedy problems encountered during actual tests and some are
simply improvements that, while not essential, may be worthwhile if additional tests on actual
Mini-Mast hardware are to be done. Recommendations are given below along with the rationale
for each.

2.9.1 Improved Simulation of In-Service Conditions
2.9.1.1 Titanium Endfitting Adapters
The brass endfitting adapters were fabricated out of necessity: only a limited number of actual

titanium cornerbodies were available at the beginning of the test program. None could be
sacrificed to make the load cell adapters. Since then, additional parts have become available which
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could be used for that purpose. This could improve the simulation since fits and tolerances on the

simulated body parts were based on measurements of actual cornerbodies.

2.9.2 Improved Statistical Basis
2.9.2.1 Statistical Degrees of Freedom

It appears that some amount of random stiffness variation may be inherent in the design of the
diagonal links. This is not unusual in situations where load-bearing structures contain unbonded
surfaces such as bolted connections or hinge-pins. If so, some recourse to statistical methods is
warranted: one must determine empirically the statistics of the stiffness distribution and use them
to determine confidence bounds on the overall Mini-Mast properties. The main requirement for
doing so is simply a larger number of tests of nominally identical assemblies. While cost
constraints will always force this number to be small in statistical terms, it may be worthwhile to

test more than the three assemblies done so far.
2.9.2.2 Reduced Re-use of Test Assemblies

In some cases, stiffness properties of an assembly may actually have changed during the test
series simply because of unavoidable repeated use. For example, the titanium-coated, press-fit
hinge pins were in short supply. While they were carefully cold-fitted and removed with a special
puller, it was found that repeated assembly cycles produced a noticeable reduction in removal
force. This indicates a loosening of the interference fit and possible change in stiffness. A more

plentiful supply of new parts could improve the validity of tests.
2.9.3 Simulation of Gravity Effects

Link eccentricity was found to affect axial stiffness significantly. Part of the eccentricity is due
to weight-induced sag, an effect that will vary with the orientation of the link axis relative to
vertical (47.3 degrees in the deployed Mini-Mast). Ideally, one would simulate in-service
conditions by off-loading about 32% of the hinge weight, but without adding significant transverse
stiffness. Off-loading should be done through a spring which is soft compared to the 30 Ibf/inch
transverse stiffness of the link. Such an arrangement could easily be built and would probably be

worthwhile if further tests are performed.
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2.9.4 Enhanced Instrumentation

The displacement sensors of Figure 2-12 are necessarily displaced from the axis of the link.
Bending of the link can produce rotation of the sensor flag and thus an apparent axial displacement.
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