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Geometric Imperfection Effects in an Elastically
Deployable Isogrid Column
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The experimental study and analysis of a novel gossamer structural component is described. The component is
a 3-m-long thin-walled isogrid column prototype that may be elastically stowed and deployed. The column has a
diameter of 0.318 m, with a linear density of 46 g/m. The static and dynamic mechanical responses of the deployed
prototype are examined and compared to an idealized model. These comparisons indicate global stiffness ranging
from 11 to 28% and bucklingstrengths from 7 to 37%of the theoretically ideal performance. Initial local curvatures
approaching the thickness of the isogrid ribs are found to be the primary source of this performance reduction.
A modeling approach based on the postbuckled response of individual isogrid ribs is proposed for predicting
the global effects of local imperfections, and good agreement with the test results is found. In general, initial rib
curvatures greater than 10% of the rib thickness are predicted to result in signi� cant degradations of the global
structural performance.

Nomenclature
A = cross-sectionalarea, m2

b = isogrid rib width, m
c = compliance, m/N
E = Young’s modulus, Pa
f = vibration frequency, rad/s
h = isogrid rib spacing, m
I = minimum rectangular moment of inertia, m4

J = rotational inertia, kg ¢ m2

k = stiffness, N/m (or Nm/rad)
L = length, m
P = axial load, N
q = normalized axial load
r = column radius, m
t = column/rib thickness, m
° = knockdown factor
± = axial de� ection, m
" = imperfection amplitude, m
¾ = stress, N/m2

Á = thin-walled cylinder exponent

Subscripts

axial = axial properties
bending = bending properties
cr = critical load
eff = effective properties
ideal = ideal properties
rib = individual rib properties
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torsion = torsion properties
wall = isogrid wall properties

Introduction

N ASA has, in the past decade,placed an increasingemphasis on
the development of novel mission concepts and technologies

to enable more aggressive missions with more limited budgets. In-
cluded in these has been a renewed interest in extraordinarily large
and mass-ef� cient, or gossamer, structures. Proposed applications
for these systems include large apertures for science instruments,
solar concentrators for propulsion, and solar sails.

A common structural challenge in many of these systems is the
need for equally long and mass-ef� cientbeamcolumns for the trans-
fer of compressive and bending loads. This requirement is exem-
pli� ed by a number of missions currently under study. The Solar
Electric Transfer Vehicle being investigated by the NASA John H.
Glenn Research Center at Lewis Field would utilize two photo-
voltaic arrays deployed and supportedby 95-m long columns.1 The
Advanced Radio Interferometry between Space and Earth mission
requires a 25-m-diam in� atable antenna with approximately 20-m
support columns. The National Oceanographic and Atmospheric
Administration and NASA are designing the Geostorm mission to
provide early warning of solar events. The baseline design would
use a solar sail to maintain an otherwise unstable orbit between the
Earth and the sun. A technologydevelopmentmission proposed for
this programwould deploya 100-m-classsolar sail using 70-m-long
columns to deploy and tension the sail � lm. More aggressive solar
sail mission concepts for interplanetary and even interstellar ex-
ploration demand signi� cantly larger and more ef� cient structural
systems.

Simultaneously satisfying the scale, ef� ciency, and stability re-
quirements for these structural components presents one of the
challengesof gossamer spacecraft design. Thin-walled monocoque
columns provide one solution with high bending stiffness-to-mass
ratios and the packaging ef� ciency of in� atables. However, as the
scale increases and loads are reduced, the wall thickness of these
designs limits their practical performance. Speci� cally, as the wall
thickness decreases, local imperfections introduced by fabrication
and handling greatly reduce the effective strength of the compo-
nent. A discussion of the experimental and analytical study of the
buckling of thin-walled cylinders is provided in Ref. 2.
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Anotherstudy,focusedon long, lightlyloadedcolumns,presented
a number of potential architectural solutions to this problem.3 One
such approach is to utilize an isogrid, rather than monocoque, wall
architecture. This results in a concentration of wall material into
thicker elements with greater tolerance for geometric imperfections
while maintaining the structural ef� ciency of thin-walled circular
cylinders.

Motivatedby the precedingconsiderations,a manufacturingtech-
nique for a deployable thin-walled isogrid column has been devel-
oped. A prototype from this process was constructed to determine
initial levelsof performanceand to suggestimprovementsin the fab-
rication process. The individual ribs of this structure are designed
to permit the column to be elastically stowed.

This paperreportsonan experimentalandanalyticalinvestigation
of this prototype. The stiffness and strength of the column is found
to be limited by geometric imperfections at the individual rib level
resulting from fabricationand test � xturing.To allow the column to
be elastically stowed, the ribs are relatively slender and, therefore,
sensitive to small initial curvatures. The relationship between these
local imperfections and the column’s global stiffness and strength
is, therefore, the focus of this investigation.

A signi� cant amount of previous work with isogrid systems is
available in the literature. Particular attention has been paid to
isogrid-stiffened plates and shells.4 One of the bene� ts of isogrid
systems is their generally isotropic behavior, and modeling these
systems with equivalent isotropicmaterial propertieshas proven ef-
fective. This trait permits the applicationof a range of stiffness and
stability analyses previously derived and veri� ed for monocoque
plates and shells.

However, the accuracyof such simpli� ed analyses is uncertainas
the scales of deformation, that is, buckled mode shapes, approach
that of the grid spacing.3;4 At this scale, more detailed analyses
are required. Reference 3 presents strength-based design analyses
for both solid rod and tubular truss columns. Whereas these analy-
ses considered local member and global Euler buckling limitations,
other truss analyses addressed the more general buckling of peri-
odic lattice structures.5;6 Note that a great deal of additional work
has been done in the analysis of the stiffness and strength of related
truss and frame systems that is beyondthe scopeof the current study.

As with thin-walled monocoque systems, the in� uence of geo-
metric imperfectionson isogridsystemscan be signi� cant. In a 1982
paper, Anderson comments that “the very light loadings and large
dimensions expected for space applicationwill lead to very � exible
members and require accurate analysis to assure structural integrity.
In many cases imperfections in members with large slenderness
ratios will be an important design consideration.”7

Again, a signi� cant amount of previous study of imperfectionef-
fects is available. Analytical and experimental studies of imperfect
beam columns have been performed.8¡10 These studies generally
con� rmed the applicabilityof the classical Euler beam column the-
ories and demonstrated the sensitivity of such testing to specimen
geometry and experimental methods. Analyses of imperfection ef-
fects in lattice and truss structures have also been performed.7;11¡13

An apparentgap in this previouswork is the experimentalstudyof
imperfection effects in truss and open isogrid structures. Although
experimental investigations of isogrid-stiffened plates and shells
are fairly extensive, such studies of open isogrid systems appear
to be more limited.4 One likely reason for this is the dif� culty of
making suf� ciently precise measurements of these imperfections.
This lack of precisionproved to be a limitation to the work described
herein.

Along with a characterizationof the gossamer isogrid column’s
structuralperformance,a new methodof includingrib imperfections
in the analysisof open isogridsystems is proposedand appliedhere.
The ribs are modeled as individualEuler beam columns with initial
curvatures,and the resultingdecreasesin localstiffnessare relatedto
the global system through an equivalent elastic modulus approach.
This model is used to relate the observed stiffness and strength
reductions to the initial rib curvatures.

The amplitude and distributionof rib curvaturesinferredfrom the
model are found to agree with measurements of the initial imper-
fections.In particular,a three order of magnitudeknockdownfactor

for the column’s torsional stiffness is measured. This knockdown
factor is due to relatively large initial curvature in the diagonal ribs
resulting from the prototype’s fabrication process. The observed
magnitude of this curvature corresponds to that predicted by the
equivalentmodulus model.

The remainder of the paper is organized as follows. The test ar-
ticle, experiment con� guration, and testing procedures are � rst de-
scribed. The structural performance under axial and bending loads
and in torsional vibration is then presented. Finally, an analysis
of the relationship between local rib imperfections and the global
structural response is developed and compared with the data.

Experiment Con� guration
The thin-walled isogrid column prototypebeing studied is shown

in Fig. 1. The column is 0.318 m in diameter and 2.97 m in length,
with a mass of 137 g. The isogrid material consists of 0.2-mm-
thick£ 2.3-mm-wide ribs with a rib-to-rib spacing of 56 mm. The
ribs consist of a � berglass–epoxy composite material with a mea-
sured axial modulus of 13 GPa. The bending complianceof the ribs
allows the column to be elasticallypackagedintoa 505-cm3 volume.

To allow the column to be constrained,loaded, and instrumented,
relatively stiff end � ttings were attached. Given the compliance of
the test article, one challenge was to avoid introducing detrimen-
tal local deformations of the column. To this end, an epoxy-based
potting approach was selected, which allowed the end � ttings to
conform to the irregular rib locations. As shown in Fig. 2, rings
of aluminum � ashing were used to form a 6.4-mm-thick mold. At
this point, the column axis and end � ttings were alignedby leveling
the assembly table and ensuring the column was hanging vertically
(both to §0.2 deg). This alignment was critical to ensure the � nal
orientation of the column with respect to gravity. Gap-� lling epoxy
was then injected into the mold and allowed to join the column and
end � tting. As discussed later, the viscosity of the epoxy resulted in
small (¼1 mm), but signi� cant rib deformations during the potting
process. The likely future solution to this is to use a sealed mold
design and a less viscous potting agent.

Unistrut® mounting brackets were added to allow the upper end
to be � xed to an overhead frame. This end � tting was left open to
allow access for an axial loading cable. The unconstrained lower
end � tting included mounting hardware for load application and
displacement measurement.

Fig. 1 Gossamer isogrid column test article.
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Fig. 2 End � tting assembly.

Fig. 3 Videometry system con� guration.

A � xed–free boundary condition arrangement was selected for
testing the 3-m column. The column was oriented vertically to
simplify the control of gravitational loading effects (Fig. 1). This
con� gurationallowed for the carefulcontrolof the initial stress state
of the column. It also permitted both axial and bending loads to be
applied beyond their respectivebuckling points.

A videometrysystemwas used to observeaxialand lateralmotion
of the free end of the column.14 This noncontact metrology system
permitted unhindered motion of the column and provided 10-¹m
resolution across 2 cm of axial and lateral travel. The location and
orientation of the target and camera are shown in Fig. 3. Given the
compliance of the test article, it was assumed that the deformation
of the support structure was negligible.

Axial and lateral loads were applied to the free end using ten-
sion lines to limit unintended stiffness contributions. The pulley
system shown in Fig. 4 was used to maintain the axial loading ca-
ble’s alignment with the column’s axis. The pulley over the column
was positioned to center the cable along the column’s axis to within
§1 mm. Incrementalloadswere appliedwith weights and the result-
ing input load measured at the point of transmission to the column
with a dc force transducer.This transducerhad an absoluteaccuracy
near 0.05 N.

Because of the low bending vibration frequency and damping of
the test article, it was necessary to allow roughly1 min for structural
vibrations to damp out followingthe applicationof load increments.
It was also necessary to shield the column from air drafts with a
curtainplacedwithinabout a meter along the entire length.Load and
displacement data were collected automatically, whereas the load
increments were applied manually. When these procedures were

Fig. 4 Pulley alignment system.

Fig. 5 Axial loading results.

followed, the repeatability of the data was found to approach the
resolution of the instrumentation.

Experimental Results
Axial Loading

Three axial loadingsequenceswere performed.The loadingcable
was initially unloaded, resulting in an initial tension load in the test
article equal to the weight of the free end � tting (7.74 N). Weights
were then applied to the loadingcable as describedearlier, typically
in 50-g increments, until the column buckled in axial compression.
This sequence was repeated twice (runs A and B), and then a series
of data was takenas the loadingcable was unloaded(run C) to check
for hysteresis in the load-displacementresponse.

The responses to the three axial loading sequences are shown in
Fig. 5. A theoretically ideal response is also shown. The source of
this prediction is described hereafter. As can be seen, the measured
responsewas relatively repeatableand little or no hysteresiswas ap-
parent in the run C data collected during unloading. The nonlinear
elastic nature of the response resembles postbuckled beam column
behavior. As discussed in more detail later, this nonlinearity is at-
tributed to the accumulated local rib and wall mechanics rather than
to a global Euler buckling of the entire column.

In each test run, a local wall buckle was observed to develop
throughout this response in a location near the free end � tting that
possessedan observableinitial imperfectionbefore loading.A pho-
tograph of this buckling mode is shown in Fig. 6 just before failure.
Note that this local buckle has a wavelength approximatelyequal to
twice the rib spacing. Unfortunately, this local buckle corresponds
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Table 1 Structural performance of thin-walled
isogrid column prototype

Effective
knockdown

Parameter Ideal value Observed value factor °eff

kaxial 36,300 N/m 3,900 N/m 0.11
kaxial (preloaded) 36,300 N/m 10,000 N/ma 0.28a

Pcr;wall (compression) 84.5 N 6 N 0.071
kbending 155 N/m 40 N/ma 0.26a

Pcr;wall (bending) (° 2:26 C 0:207) N 1.05 Na 0.37a

ktorsion 343 Nm/rad 0.24 Nm/rada 0.0007a

aData acquired with the column under 7.7 N of axial tensile preload.

Fig. 6 Initiation of local wall buckling near free end � tting.

to prominent initial imperfections in the isogrid geometry induced
by the end � tting assembly described earlier. This weak point sig-
ni� cantly reduced the test article’s ultimate axial strength. Local
rib buckles were also observed to develop along the column as the
buckling load was approached.

The axial loading response can be compared to an ideal model of
the isogrid column derived in Ref. 3. This modeling approach ini-
tially derives equivalent isotropic material properties from the iso-
grid geometry and rib properties. These equivalent material prop-
erties are then combined with the larger-scale column geometry
in standard thin-walled cylinder analyses. In this manner, theoret-
ical axial, bending, and torsional stiffnesses are predicted for an
imperfection-free isogrid column (kaxial , kbending , and ktorsion/. The
theory for the buckling of thin-walled cylinders also provides esti-
mates of the axial and bending loads, which should result in local
wall buckling, Pcr;wall. The ideal and observed stiffness and strength
parameters are summarized in Table 1. Also shown are the ef-
fective knockdown factors de� ned simply as °eff ´ keff=kideal and
°eff ´ Pcr;eff=Pcr;ideal . This knockdown factor approach is adopted
from earlier thin-walled cylinder studies to simplify future design
studies.2

Note that the analysis described earlier presumes classic linear
elastic beam mechanics and, therefore, does not account for the
observednonlinearityfound in the axial response.This nonlinearity
at the equivalentmaterial constitutivelevel should limit theaccuracy
of the subsequentbending and buckling analyses. At some point, it
may be useful to considera model of this nonlinearglobal behavior.
However, the focus of this work is on identifying the source of
performance degradation and providing quantitative speci� cations
for improvement.

The observed axial tangential stiffness at zero column load is
approximately 3900 N/m. In contrast, this value is approximately
10,000 N/m at 7 N of tensile preload. This variation indicates that
imperfectionspresent at zero load are reducedas tension is applied,
resulting in increased stiffness. This stiffness would presumably
approach the ideal value of 36,300 N/m if tension were further

increased. The theoretically ideal axial response of the column is
also indicated in Fig. 5.

As the local wall buckling mode proved to be critical in the axial
testing, the observed 6-N compression capacity of the column is
assumed to correspond with this failure mode. This capacity
indicatesan effectivewall bucklingknockdownfactor °eff of 6/84.5,
or 0.071.

This knockdown can be compared to that typically observed
in monocoque cylinders. An empirically derived formula for this
knockdown coef� cient is discussed in Ref. 2 that capturesobserved
dependenciesof °eff on the cylinder radius-to-thicknessratio r=t as

°eff D 1 ¡ 0:901.1 ¡ e¡Á/ (1)

where

Á D 1
16

p
r=t (2)

Using the thickness of the ribs as the equivalent monocoque
thickness results in a ° value of 0.26. If the isogrid mate-
rial were evenly distributed, however, an equivalent thickness of
teq D 3t .b=h/ D 0:024 mm would result,where t , b, and h are the rib
thickness, width, and spacing, respectively. Substituting this thick-
ness rather than that of the ribs into Eqs. (1) and (2) reduces ° to
0.105.

This value then represents the typical knockdown factor in wall
buckling strength for a monocoque column of equivalent mass per
unit length. The similarity between this value and that observed in
the test results implies that the improvement expected for an isogrid
column was not demonstrated here. As will be discussed further,
this result is believed to be indicative of the rib curvatures induced
by the test � xturing and fabrication process rather than evidence
against the potential of isogrid structures.Rather, improvements in
fabricated rib straightness and test � xturing will need to be made
before the bene� ts of the isogrid architecture can be realized.

Lateral Loading
Lateral tip loads were also applied to the column to provide ad-

ditional structural performance data to compare to the ideal iso-
grid column model. The displacementmetrology con� guration was
identical to that used for axial loading, but a lighter weight loading
cable was con� gured, as shown in Fig. 7. In this con� guration, the
force transducer is suspendedby its signal cable to prevent preload-
ing while allowing relatively free lateral motion. The loading cable
then continues through the pulley on the right, and weights were
utilized as in the axial loading case.

Given the decreased stiffness and strength in bending, the load
increments were reduced to 10 g. The responses to two loading se-
quences are shown in Fig. 8. As with the axial loading, the lateral
load was increased until a local wall buckle lead to failure. This
response appears to be more linear and includesa more abrupt tran-
sition to buckling than the axial loading case.

Fig. 7 Lateral loading con� guration.
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Fig. 8 Lateral loading test results.

Fig. 9 Buckling due to lateral loading.

As expected for a cantileveredbeam under tip loading, the maxi-
mum stress, and, therefore, local wall buckling failure location,was
near the � xed end of the column. One buckled shape due to lateral
loading is shown in Fig. 9.

Again, the ideal isogrid cylindrical column model developed in
Ref. 3 can be applied to analyze the results of this bending re-
sponse. The ideal and observed bending stiffnesses are recorded in
Table 1. Here, kbending represents the stiffnessof the beam column in
cantilevered tip loading. As shown, the ideal cantilevered bending
stiffness is 155 N/m. In comparison, the observed bending stiffness
is approximately 40 N/m.

Recall the tensile preload produced by the weight of the free end
� tting.Not only will this affect the expectedcritical lateral load, but
it also appears to reduce the initial rib imperfections.As a result, the
observedlateral stiffnessmay be somewhat greater than what would
havebeenobservedif the end � ttingweighthad simultaneouslybeen
off loaded.This off loading would have slightly increased the initial

curvatures in the axial ribs, which would subsequently decrease
bending stiffness.

This observed bending stiffness knockdown factor can also
provide some indication of the effective global column buckling
strength of the test article. When global imperfections are ignored,
the ratio of observed and ideal bending stiffnesses is equivalent to
that of effective and ideal global buckling strengths.As a result, the
observed effective knockdown factor in global buckling strength
would be 40/155, or 0.26.

Calculating the ideal critical wall buckling load for this bending
case requires additional analysis to account for the tensile preload
effects. When the equivalent isotropic material analysis of isogrid
systems is utilized again, this can be accomplished with an Euler
beam column analysis. When the axial and bending loads are su-
perposed, equivalent axial stresses will be considered. For a given
critical axial load, the equivalent critical axial stress for wall buck-
ling is

¾cr D
Pcr;wall

2¼rt
D ° 417,000 Pa (3)

The axial prestressresultingfrom theweightof the free end � tting
is 38,200 Pa. As a result, the critical stress during bending ¾cr;bending

must be (° 417,000C 38,200)Pa to include the effect of the preload.
By further application of the Bernoulli–Euler beam assumptions,
the critical lateral load to induce local wall buckling at the root is
expected to be

Pcr;bending D
¾cr;bending Icolumn

L columnr
D .° 2:26 C 0:21/ N (4)

With an observed Pcr;bending of approximately1.05 N, the effective
wall buckling knockdown factor ° is found to be 0.37. This is a
signi� cant increase from the 0.071 observed value from the axial
loading results.

There are at least two likely contributionsto this improvement in
apparent wall buckling strength. Initially, the localized initial im-
perfection near the free end of the column that reduced the axial
loading strength did not participate in the failure during bending.
Additionally, the reduction in initial rib imperfections provided by
the end � tting’s tensile preloadwould have improved the wall buck-
ling strength.

Torsional Vibration
One lastdatapoint from the test articlewas obtainedby measuring

the � rst natural torsionalvibrationfrequency.An accelerometerwas
attachedto the freeend� ttingas shownin Fig. 10.The accelerometer
was oriented roughly orthogonal to the column radius and axis.

A static torsional load was manually applied to the free end of
the column and then released. The resulting accelerometer signal
was recorded on an oscilloscope and indicated a natural vibration
frequency of 3.6 Hz.

Fig. 10 Accelerometer con� guration for torsional vibration testing.
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The ideal torsional stiffness as modeled in Ref. 3 is 343 Nm/rad.
The observed vibration frequency can be related to the effective
torsional stiffness according to ktorsion;eff D Jend f 2.

The radius of gyration of the 0.79-kg free end � tting is approx-
imately 0.152 m. The resulting rotational inertia of the end � tting
is 0.018 kg ¢ m2 . Therefore the 3.6-rad/s mode corresponded to a
torsional stiffness of 0.24 Nm/rad. This is over three orders of mag-
nitude lower than the ideal torsional stiffness.

The column’s ideal torsional stiffness is derived primarily from
axial loading of the diagonal or §60-deg ribs. The global torsional
loads induce shear in the isogrid wall of the column. The isogrid’s
diagonal ribs play a similar role to the cross bracing of a more
common truss beam, translating global shear loads into axial loads
in these elements. However, because the prototype was fabricated
on a cylindrical mandrel, all of the diagonal ribs possess an initial
bow of approximately 2.4 mm. As a result, these ribs are forced to
carry signi� cant bending loads while the column is in torsion. As
will be discussed in the following sections, the resultingdecrease in
rib stiffnessprovidesan explanationfor the signi� cantlydiminished
torsional stiffness.

Summary of Experimental Results
In summary, the measured stiffness and strength of the test ar-

ticle exhibits large knockdown factors from models assuming an
ideal isogrid geometry. This knockdown is particularly severe in
the case of torsional stiffness with the measured result having less
than 0.1% of the ideal case. These knockdownsappear to be due to
initial curvatures of the isogrid ribs due to the fabrication and test
� xturingprocesses.The following section derives a relationshipbe-
tween local rib curvatures and the global structural characteristics
and compares the predictions to the observed values.

Geometric Imperfections Analysis
The strong sensitivity of the test article’s stiffness and strength

to local imperfections will be examined in this section. Although a
number of physical and geometric imperfectionsare present in any
structure,the effectsof initial rib curvatureswere found to dominate
the responseof the isogridcolumnprototype.The objectivehere is to
developanalyticaltools that allow the impact of initialrib curvatures
on the global responseof these structuresto be accuratelypredicted.
This approach represents an alternative to the empirical equations
developed for monocoque shells in the prediction of imperfection
knockdown factors.2 As a result, the analysis will allow for more
informed speci� cations in the fabrication process and may suggest
improved architectures for reducing the sensitivity of the global
performance to local imperfections.

Rib Curvature and Axial Stiffness Relationship
The approachproposed here is to treat the effect of initial rib cur-

vatures as knockdownsin the isogrid’s equivalent isotropicmaterial
modulus. As a result, the typical truss mechanics assumption of
predominantly axial load transmission in individual members/ribs
is being applied. Note that this assumption will be less accurate as
rib curvatures become large relative to their thickness.

The ribs are modeled as axially loaded beam columns with an
initial half-sine imperfection.The axial shorteningof such a system
was shown in Ref. 10 to be

± D
PL

AE
C "2

µ
¼ 2

4L.1 ¡ q/2
¡ ¼ 2

4L

¶
(5)

where" is the imperfectionamplitudeand q is the ratioof the applied
load to the buckling load given by

q D PL2=¼ 2EI (6)

The tangential compliance of this system at zero load will be
derived and compared to that for " D 0 to determine an effective
stiffness knockdown as a function of ". When Eqs. (5) and (6) are
combined,

± D PL=AE C ."2¼ 2=4L/.1 ¡ PL2=¼ 2EI/¡2 ¡ "2¼ 2=4L (7)

The compliance is then

ceff D @±

@ P
D

L

AE
C "2L

2EI

³
1 ¡

PL2

¼ 2EI

´¡3

(8)

and the initial compliance at P = 0 is

ceff D @±

@ P P ! 0
D

L

AE
C "2 L

2EI
(9)

The effective axial stiffness knockdown will be de� ned as

°rib D
cideal

ceff

D
L=AE

L=AE C "2L=2EI
D 1

1 C "2 A=2I
(10)

For the rectangular rib geometry, A D bt and I D bt3=12. This
further reduces Eq. (10) to

°rib D 1=[1 C 6."=t/2] (11)

A plot of °rib vs "=t is shown in Fig. 11. This indicates the sen-
sitivity of the axial stiffness of the ribs to their initial curvature
magnitude. In general, as "=t proceeds from 0.1 to 1, there is a
rapid loss of stiffness. It was noted in Ref. 9 that postbucklingstiff-
ness eventuallyapproachesthat of a cantileveredbeam with a lateral
rather than axial load for extremely large curvatures.

Rib Imperfections and Column Performance Relationships
It is further assumed that this effective axial rib stiffness knock-

down will have a proportional impact on the isogrid’s equiva-
lent isotropic material modulus. Each ideal stiffness and strength
parameter is, in turn, proportional to this modulus and, therefore,
the axial rib stiffnessknockdownfactor.As a result,setting°rib equal
to the °eff values presented in Table 1 should indicate an effective
amount of rib curvature "=t for each parameter.

When Eq. (11) is solved for "=t ,

"=t D
p

.1 ¡ °rib/=6°rib (12)

The equivalent rib curvature amplitudes that correspond to the ef-
fective knockdown factors in Table 1 can now be calculated and are
listed in Table 2. Also recorded in Table 2 are the ribs that were the

Table 2 Equivalent initial rib curvatures

Effective Equivalent
knockdown rib curvature Participating

Parameter factor °eff D °rib ", mm ribs

kaxial 0.11 0.24 Axial
kaxial (preloaded) 0.28a 0.13 Axial
Pcr;wall (compression) 0.071 0.3 Localized axial
kbending 0.26a 0.14 Axial
Pcr;wall (bending) 0.37a 0.11 Localized axial
ktorsion 0.0007a 3.1 Diagonal

aData acquired with the column under 7.7 N of axial tensile preload.

Fig. 11 Sensitivity of rib axial stiffness to initial curvature magnitude.
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Fig. 12 Theoretical and observed relationship between rib curvatures
and knockdown factors.

primary participantsin each loadingcase. As describedearlier, each
stiffness and strengthparameter possessesvaryingdependencieson
the magnitudes and distribution of initial rib imperfections. These
variations are indicated in the results in Table 2.

Visual measurements of the axial and diagonal rib curvatures
were made to compare with these predictions. The axial ribs in
the prototype possess equivalent rib curvatures near or less than
the 0.2-mm rib thickness, with localized exceptions appearing as
large as 1 mm. As describedearlier, the axial tensile preloadapplied
by the free end � tting’s weight was observed to straighten these
ribs signi� cantly, thereby improving their stiffness contributions.
The diagonal ribs, however, each possess a signi� cant amount of
curvaturedue to the fabricationtechnique.As describedin theearlier
torsionalvibrationanalysis, this initial curvatureof the diagonalribs
is approximately2.4 mm in amplitudedue to the cylindricalmandrel
the component was constructed on.

These rib curvature values are combined with the corresponding
observedknockdownsand comparedwith thepostbuckledribmodel
in Fig. 12 to allow the accuracy of the model to be assessed. A
logarithmicplot of the data allows the details across the entire range
of knockdown factors to be observed. Also indicated are the 95%
con� dence bounds in the rib curvature measurements.

When these results are inspected, the impact of the wide range
of rib curvatures in the prototype can be observed. In general, the
strongly nonlinear relationship between rib curvature and knock-
down factors observed in the test data is well accounted for by the
postbuckledrib model. At one extremeof Fig. 12, the torsionalstiff-
ness knockdown factor of 0.007 due to the consistently large curva-
ture in the diagonal ribs follows that predicted by the model within
the precision of the curvature measurements. Reasonable agree-
ment is also found for the lower rib curvatures typical of the axially
preloaded cases of bending stiffness and strength, as well as the
initial axial stiffness. The slight increase in axial rib curvature that
was observed as the axial preload was removed is found to account
for the observed corresponding decrease in axial stiffness. Finally,
the larger initial localized curvatures at the point of failure in the
axial tests resulted in a further decrease in axial buckling strength.

Conclusions
The objectives of this study were to determine the stiffness and

strength of the prototype gossamer column and to assess the ac-
curacy of existing open isogrid column models. In general, the
measured stiffness and strength of the test article exhibits severe
knockdown factors from models when an ideal isogrid geometry is
assumed. This performancedecrease is particularlyexcessive in the
case of torsional stiffness with the measured performance less than
0.1% of the ideal case. These knockdown factors appear to be due

to initial curvaturesof the isogrid ribs caused by the fabricationand
test � xturing processes.

This motivated the developmentof a model of the global effect of
initial individual rib curvatures. A strongly nonlinear relationship
between initial rib curvature and axial stiffness is indicated by the
Euler beam column analysis of postbuckling behavior. In general,
it is predicted that local curvature amplitudes greater than 10% of
the rib thickness result in a rapid degradationof axial stiffness. The
equivalent modulus of the isogrid is assumed to vary in proportion
to these axial rib knockdown factors to relate them to the global
performance of the column.

The observed knockdown factors and rib curvatures are found to
be well correlated with this model. The global impact of variations
in rib curvature between the axial and diagonal ribs is accurately
predicted. Also, the effect of reduced rib curvatures due to axial
preloading is well represented. Finally, both stiffness and strength
performancevariationsare captured.As a result,the equivalentmod-
ulus knockdown approach appears to provide a useful predictionof
the effects of both localized and homogeneous rib imperfectionson
the global column response. This tool will be particularly useful in
specifyinggeometric tolerances for the fabricationof future isogrid
components.
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