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Characterizing the geometric imperfections of ultra-thin composite structures is important
since imperfections create weak points where local buckling is likely to occur. This work develops
a thorough method for measuring the geometric imperfections in thin-shell composite longerons.
The mean geometrical parameters, the axial twist, and the lengths, amplitudes and locations of
both local and periodic radial imperfections in experimental composite longerons are measured
using this method. The results of this study identify the dominant imperfections commonly
introduced during the manufacturing of these structures.

I. Introduction
Initial geometric imperfections in thin-shell structures are known to significantly decrease their critical buckling

load and therefore have to be accounted for in theoretical buckling predictions [1–3]. The effect of initial imperfections
in a structure’s geometry is commonly quantified using the knockdown factor, which is the ratio of the buckling load of
the actual imperfect structure to the buckling load of the theoretical perfect structure [4]. However, understanding the
imperfection sensitivity of thin shells and finding an accurate, yet not overly conservative, method for computing the
knockdown factor is still an ongoing research area [5–7]. Regardless of the method used to compute the knockdown
factor, a structure’s typical imperfections must first be characterized in order to accurately model the structure. Composite
thin-shell structures are particularly prone to geometric imperfections, which are introduced during the manufacturing
process, making imperfection characterization especially important. Geometric imperfections in closed cross-section
metal shells, such as cylinders and spheres, have been well characterized experimentally [4]. Imperfections in composite
cylinders have also been measured [8]. However, geometric imperfections in open cross-section composite shells have
not yet been experimentally studied.

The present study is focused on open cross-section, ultra-thin (<100 µm), composite, triangular rollable and
collapsible (TRAC) [9] longerons, shown in Fig.1a, which are the chosen load-bearing elements for the Caltech Space
Solar Power Project (SSPP) spacecraft [10]. The TRAC longeron cross-section consists of two circular arc flanges
connected by a straight web region, as shown in Fig. 1b. This design results in the thickness of the flanges being about
half that of the web region. This cross-section was chosen because it increases the mass efficiency of the SSPP structure
and maximizes the volume available for the functional elements. In addition, these longerons are easy to fold and coil,
and can self-deploy using their stored strain energy.

The composite longerons are manufactured in the laboratory and show visible manufacturing imperfections. This
work aims to characterize the accuracy of the manufacturing process by experimentally measuring the initial geometric
imperfections. The main imperfections of interest are local radial defects in the flanges of the longerons, such as small
bumps or dimples. Local imperfections are of primary concern since they are the most likely to cause local instabilities,
which have been found to be one of the longerons’ main failure modes [11]. Furthermore, since the flanges are thinner
than the web region, geometric imperfections will have a greater impact on their structural performance. More global
imperfections, such as the twist about the axis of the longeron and variations in the mean cross-sectional parameters,
can also affect structural behavior, and thus, are also important to measure. A thorough characterization of these
imperfections will enable accurate numerical modeling of the imperfect longerons and computation of their buckling
knockdown factor. At the same time, understanding the type and extent of the imperfections will help improve the
manufacturing process to reduce the defects.

The paper begins by describing the longeron manufacturing and shape measurement processes. Then, the analysis
methods used to measure the twist about the axis of the longeron, and the mean web length and flange radius and
subtended angle are defined. Next, the methods used to compute the lengths, amplitudes and locations of both individual
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and periodic local imperfections are described. Finally, the results of the global and local imperfection measurements
are shown and discussed.

(a) (b)

Fig. 1 (a): Schematic of longeron. (b): Longeron cross-section showing nominal cross-sectional parameters.

II. Longeron Manufacturing and Shape Measurement
The composite longerons are manufactured using an autoclave, two-cure process. The flanges are 90 µm

thick and have a layup of [±45𝐺𝐹𝑃𝑊/0𝐶𝐹𝑈𝐷/±45𝐺𝐹𝑃𝑊 ]. The web region is 200 µm thick and has a layup of
[±45𝐺𝐹𝑃𝑊/0𝐶𝐹𝑈𝐷/±453,𝐺𝐹𝑃𝑊/0𝐶𝐹𝑈𝐷/±45𝐺𝐹𝑃𝑊 ]. Here CFUD represents a unidirectional layer of Mitsubishi
Chemical’s Pyrofil MR 70 12P carbon fiber that is 30 µm thick, and GFPW represents a plain weave scrim glass ply that
is 25 µm thick. Both the carbon fiber and scrim glass plies are impregnated with North Thin Ply Technology’s ThinPreg
415 resin, and the complete [±45𝐺𝐹𝑃𝑊/0𝐶𝐹𝑈𝐷/±45𝐺𝐹𝑃𝑊 ] stack was supplied by North Thin Ply Technology.

In the first step of the manufacturing process, the three-ply laminates for the flanges are placed on U-shaped
aluminum molds with a radius of 12.7 mm. The two molds are vacuum bagged together and cured in an autoclave. After
the first cure, a single ply of ±45 GFPW is added to the flat (web) region of one of the molds. The two molds are then
clamped together and cured for a second time to bond the flanges. After the second cure, the longeron is removed from
the mold and the flanges spring back to a nominal radius of 13.6 mm, due to residual strains from cooling at the end
of the curing cycle. Finally, the flanges are temporarily flattened and cut to the arc length associated with the desired
subtended angle. Excess material at the bottom of the web region is also cut to a nominal web length of 8 mm. More
details about the manufacturing process are in [12].

For this work, an approximately 1500 mm long longeron was manufactured using the procedure described above.
After removing the longeron from the mold, it was cut into three 500 mm long test samples. The flanges of the first
shorter longeron were cut to a nominal arc length of 25 mm, which resulted in a nominal subtended angle, 𝛼, of 105◦.
The other two longerons were cut to arc lengths corresponding to nominal flange subtended angles of 𝛼 = 120◦ and
𝛼 = 135◦. These test samples were originally manufactured to carry out bending tests studying the effects of varying the
flange subtended angle. In order to mount the longerons onto a bending rig, the ends of each longeron were rigidly
glued into acrylic plates, as shown in Fig. 2.

The shape of the longerons was measured using a Faro Arm (Edge 14000) with a 3D laser scanner attachment
(ScanArm HD), which has an accuracy of ±25 µm. The laser scanner generates a 3D point cloud of the scanned object
using the CAM2 Measure 10 software. While scanning, each longeron was hung vertically from the acrylic end plate on
End 1 (see Fig. 2), in order to minimize the gravity-related loads applied to it. The laser scanner was slowly moved
down the length of the longeron with the laser pointed at one face of the longeron. Then, the scanner was rotated
around the longeron to see a different angle and slowly moved down the length again. This process was repeated until a
complete point cloud of the longeron was obtained. To simplify the data analysis, the front flange, back flange and web
region of the longeron were scanned separately to obtain separate point clouds for each. Both the front and back faces of
the web were scanned and the point clouds were combined. The resulting point clouds for the two flanges and web were
filtered using a cubic grid with a point every 0.1 mm.

III. Analysis Methods
A Matlab script was used to analyze the point cloud data from the laser scanner and compute the global and local

imperfections in the longerons. The first 10 mm at each end of the longerons were removed to eliminate defects near the
ends caused by the acrylic plates. This resulted in a test region in the axial direction from 𝑧 = 10 mm to 𝑧 = 490 mm.

In the first step of the analysis of the flange data, the data points in each flange were converted from Cartesian to
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Fig. 2 Example of longeron test sample glued into acrylic plates.

cylindrical coordinates. It was assumed that the 𝑧 coordinates are the same in both coordinate systems, so only the 𝑥 and
𝑦 coordinates were converted to 𝑟 and 𝜃 coordinates. In order to perform this conversion, the Cartesian coordinates of
the central axis of the flange, which forms the 𝑧-axis in cylindrical coordinates, must be determined. This axis was
found by using a least squares minimization algorithm to find the best fit cylinder for the data points in each flange. The
objective function used for this calculation is:

min
𝑥1 ,𝑦1 ,𝑥2 ,𝑦2 ,𝑅

𝑓 (𝑥1, 𝑦1, 𝑥2, 𝑦2, 𝑅) =
𝑛∑︁
𝑖=1

(
√︃
(𝑥𝑖 − 𝑥𝑐_𝑖)2 + (𝑦𝑖 − 𝑦𝑐_𝑖)2 − 𝑅)2 (1)

where (𝑥1, 𝑦1) and (𝑥2, 𝑦2) are the points at the ends of the cylindrical axis and 𝑅 is the radius of the best-fit cylinder,
(𝑥𝑖 , 𝑦𝑖) are the flange data points, (𝑥𝑐_𝑖 , 𝑦𝑐_𝑖) is the point on the cylindrical axis closest to (𝑥𝑖 , 𝑦𝑖), and 𝑛 is the number
of flange data points.

Once the axis of the best-fit cylinder had been found, the 𝑥 and 𝑦 coordinates of the center line at a given 𝑧 coordinate
were subtracted from the data points at that 𝑧 coordinate to center the flange data on the 𝑧-axis. Then, the standard
equations for converting from Cartesian to cylindrical coordinates were used to compute the 𝑟 and 𝜃 coordinates of
each data point. Fig. 3 shows the data points after the conversion to cylindrical coordinates and the associated best-fit
cylinder for the back flange of the longeron with 𝛼 = 135◦.

A more useful representation of the data points for measuring radial variations is writing the radial coordinates as a
function of the axial and circumferential coordinates: 𝑟 (𝑧, 𝜃). In this form, the domain of the flange data is 𝑧 ∈ [10, 490]
mm and 𝜃 ∈ [0◦, 𝛼] for the front flange and 𝜃 ∈ [180◦ − 𝛼, 180◦] for the back flange. This form of the flange data will
be used for the remainder of the paper.

Fig. 3 Example of cylinder fitted to flange data in cylindrical coordinates with axis of cylinder along 𝑧-axis, for
back flange of longeron with 𝛼 = 135◦.

A. Global Imperfection Analysis
Variations in the flange radius, subtended angle and arc length from the nominal parameters were measured by

discretizing the data in each flange into slices taken every 5 mm along the length of the longeron with a thickness range
of ±0.5 mm. The radius of each slice was computed by taking the mean of the 𝑟 coordinates of the data points in
the slice. The subtended angle of each slice, 𝛽, was determined by taking the difference between the maximum and
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minimum 𝜃 coordinates of the data points in the slice. Then, the arc length of each slice was computed as the product of
the radius and subtended angle of the slice. Finally, the mean radius, subtended angle and arc length of each flange was
computed by taking the mean of the respective parameter measurements at all slices along the length of the flange.

For each longeron, the variations in axial twist along the length of the longeron was computed in both flanges and
in the web region. It is expected that the twist would be uniform throughout the longeron cross-section, however the
twist was computed in all three regions for completeness. The twist in each flange was computed using the variation of
the 𝜃 coordinate at the edge of the flange at each slice, 𝜃𝑒, as shown in Fig. 4. The first slice at 𝑧 = 10 mm was set to
have zero twist and its 𝜃𝑒 was subtracted from that of all subsequent slices to compute the twist at each slice. A slight
complication to this method is that variations of the flange subtended angle also affect the value of 𝜃𝑒, as shown in Fig.
4. To address this issue, the difference between the subtended angle of a given slice and the subtended angle of the
first slice was subtracted from the twist of that slice for the front flange, and added to the twist for the back flange, to
compute the actual twist. Thus, the twist of the front flange at slice 𝑖 was computed using the equation:

𝜙 𝑓 _𝑖 = (𝜃𝑒_𝑖 − 𝜃𝑒_1) − Δ𝛽𝑖 (2)

where 𝜃𝑒_𝑖 is the 𝜃 coordinate at the edge of the flange at slice 𝑖 and 𝜃𝑒_1 is the 𝜃 coordinate at the edge of the flange at
𝑧 = 10 mm. Δ𝛽𝑖 = 𝛽𝑖 − 𝛽1 where 𝛽𝑖 is the flange subtended angle at slice 𝑖 and 𝛽1 is the flange subtended angle at
𝑧 = 10 mm. Likewise, the twist of the back flange at slice 𝑖 was computed using the equation:

𝜙𝑏_𝑖 = (𝜃𝑒_𝑖 − 𝜃𝑒_1) + Δ𝛽𝑖 (3)
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Fig. 4 Schematic showing flange twist in configuration of back flange, with magnification of slice i.

The twist of the web region was computed by grouping the data points in the web into slices, similar to those for the
flanges, and performing a linear fit of the data points in each slice. Then, the twist angle with respect to the vertical was
computed by taking the arc tangent of the fit line. Similar to the method for the flanges, the first slice at 𝑧 = 10 mm was
set to have zero twist. Additionally, the length of the web region at each slice was determined by computing the length
of the fit line.

B. Calculation of Local Radial Imperfections
The next part of the analysis focused on measuring the lengths and amplitudes of individual local radial imperfections

in the flanges. In this analysis, the full point cloud for each flange, with data points in the form 𝑟 (𝑧, 𝜃), was analyzed. To
filter out the noise in the radial coordinates from the laser scanner, a 2D moving window average in both the 𝑧 and 𝜃

directions was used. A window size of 10 mm in the 𝑧-direction and 4◦ (1 mm arc length) in the 𝜃-direction was found
to achieve the best balance between reducing noise and preserving local variations. Then, for each data point in the front
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flange and back flange, the difference between the local radius at that point and the mean radius of the respective flange
was computed. These radial deviations were displayed on a contour plot for each flange.

Then, to measure the lengths and amplitudes of the bumps and dimples, a shape function was fitted to the flange
data after the smoothing and subtraction of the mean radius. The chosen shape function was a single period of a cosine
wave surface in both the 𝑧 and 𝜃 directions:

𝑟 (𝑧, 𝜃) = 0.25𝐴(cos( 2𝜋(𝑧 − 𝐶𝑧)
𝜆𝑧

) + 1) (cos( 2𝜋(𝜃 − 𝐶𝜃 )
𝜆𝜃

) + 1) + 𝑏

for 𝑧 ∈ [𝐶𝑧 −
𝜆𝑧

2
, 𝐶𝑧 +

𝜆𝑧

2
], 𝜃 ∈ [𝐶𝜃 −

𝜆𝜃

2
, 𝐶𝜃 +

𝜆𝜃

2
]

(4)

where the fit parameters are 𝐴, the imperfection amplitude, 𝐶𝑧 and 𝐶𝜃 , the coordinates of the center of the imperfection,
𝜆𝑧 and 𝜆𝜃 , the wavelength of the imperfection in the 𝑧 and 𝜃 directions, respectively, and 𝑏, a shift in the radial direction
that allows for global radial variations. This cosine function was translated by one in the radial direction so that the
maximum amplitude would be at the center and the values at the edges would be zero. This form of shape function was
chosen because its value and derivative are both zero at the edges of its domain:

𝑟 (𝑧 = 𝐶𝑧 ±
𝜆𝑧

2
, 𝜃) = 0, 𝑟 (𝑧, 𝜃 = 𝐶𝜃 ±

𝜆𝜃

2
) = 0,

𝜕𝑟

𝜕𝑧

����
𝑧=𝐶𝑧± 𝜆𝑧

2

= 0,
𝜕𝑟

𝜕𝜃

����
𝜃=𝐶𝜃±

𝜆𝜃
2

= 0 (5)

which makes the imperfection smooth, as is the case for real imperfections.
The shape function was moved along the flange using a sliding rectangular window with variable size in both the 𝑧

and 𝜃 directions. The MATLAB gradient minimization algorithm, 𝑓 𝑚𝑖𝑛𝑐𝑜𝑛 [13], was used to find the window size and
location where the shape function best fit the flange data. This was done once with a positive amplitude imperfection to
find the dominant bump and once with a negative amplitude to find the dominant dimple in the flange. The details of
this algorithm are shown in Fig. 5.

Fig. 5 Algorithm for determining shape function parameters.

For this work, the lower bound on the window size in the 𝑧-direction was set to 𝑊𝑧_𝑚𝑖𝑛 = 10 mm, and the upper
bound was set to the length of the test region, 𝑊𝑧_𝑚𝑎𝑥 = 480 mm. The lower bound on the window size in the 𝜃-direction
was set to 𝑊𝜃_𝑚𝑖𝑛 = 5◦ and the upper bound was set to the flange subtended angle for that longeron. The lower and
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upper bounds of the data were set to 𝑧𝑚𝑖𝑛 = 10 mm, 𝑧𝑚𝑎𝑥 = 490 mm, 𝜃𝑚𝑖𝑛 = 0◦ and 𝜃𝑚𝑎𝑥 = 𝛼. The minimum expected
imperfection amplitude was set to 𝐴𝑚𝑖𝑛 = 1.5 mm, to ensure that the optimization algorithm found either a bump or a
dimple. The parameters of the shape function with the best fit for both positive and negative amplitudes were taken to be
the parameters describing the dominant bump and dimple in the flange. This approach could be generalized to use any
other shape function that would realistically fit the expected imperfections in a given structure.

C. Periodic Imperfection Analysis
The final part of the analysis focused on measuring the wavelengths and amplitudes of periodic radial imperfections

in the flanges. A method of Fourier transforms was used to find the dominant longitudinal and transverse wavelengths,
denoted in Fig. 11 by 𝜆𝑧 in the axial direction and 𝜆𝜃 in the circumferential direction, respectively. It should be noted
that the dominant wavelengths may be different in the longitudinal and transverse directions.

r
θ
z

λθ

λZ

Fig. 6 Schematic of a flange showing an example periodic imperfection with longitudinal wavelength, 𝜆𝑧 , and
transverse wavelength, 𝜆𝜃 . The amplitude of the imperfection is exaggerated for demonstration purposes.

In this analysis, the data for each flange, after applying the mean filter and subtracting the mean radius of the flange,
was used. To determine the frequency of the radial imperfections in both the 𝑧 and 𝜃 directions, a two dimensional
Fourier transform was computed. To prevent the Gibbs phenomenon from occurring in the axial direction, a windowed
Fourier transform was used with a single window in the 𝑧-direction. The equation for the two dimensional, windowed
Fourier transform is:

𝐹 (𝑛1, 𝑛2, 𝑢, 𝑣) =
𝑛2∑︁

𝑧=𝑛1

𝑚∑︁
𝜃=0

𝑟 (𝑧, 𝜃)𝑤(𝑧 − 𝑛1) exp(−𝑖(𝑢𝑧 + 𝑣𝜃)) (6)

where 𝑢 and 𝑣 are the frequencies in the 𝑧 and 𝜃 directions, respectively, 𝑛1 and 𝑛2 are the lower and upper bounds of the
window, and 𝑤 is the window function.

A Hanning window of the form: 𝑤(𝑧 − 𝑛1) = 0.5 − 0.5 cos(2𝜋 𝑧−𝑛1
𝐿

) where 𝐿 = 𝑛2 − 𝑛1 is the window length, was
used to gradually reduce the magnitude of 𝑟 (𝑧, 𝜃) from its full value at the center of the window to zero at edges [14, 15].
Since a single window was used to capture longer scale periodic imperfections, the bounds of the window were set to
𝑛1 = 10 mm and 𝑛2 = 490 mm. This resulted in a window length of 𝐿 = 480 mm in the 𝑧-direction. The entire flange
cross-section was included in the window, so the domain in 𝜃 extends from 0◦ to the flange subtended angle. Sampling
periods of 0.02 mm and 0.002 rad were used in the 𝑧 and 𝜃 directions, respectively.

After computing the frequency distributions in both the 𝑧 and 𝜃 directions from the 2D windowed Fourier transform,
the frequencies were converted to wavelengths. In the 𝑧-direction, the wavelength is simply the reciprocal of the
frequency. In the 𝜃-direction, the reciprocal of the frequency was multiplied by the mean radius of the flange to obtain
the circumferential arc length of the imperfections. Since the output of the Fourier transform has data points uniformly
spaced in frequency, the spacing becomes non-uniform after converting from frequency to wavelength. To avoid
having large gaps between points with longer wavelengths, the data was linearly interpolated in both wavelength in the
𝑧-direction and wavelength in the 𝜃-direction on a square grid with a point every 0.5 mm, in both directions.

IV. Results
The geometric imperfections of three longerons, one with each flange subtended angle, 105◦, 120◦ and 135◦, were

measured and analyzed using the methods described above. The results for the mean geometric parameters, axial twist,
and individual and periodic radial imperfections are presented in the following sections.
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A. Global Imperfections
Table 1 provides the mean values and standard deviations of the flange radius, subtended angle and arc length, and

the web length for each longeron compared to their nominal values. For the longeron with 𝛼 = 105◦, the mean radius
for the front flange is larger than that of the back flange. This suggests that, after curing, the front flange sprang back
more than the back flange. The larger mean radius of the front flange causes the mean subtended angle to be smaller
than nominal because the flanges were cut to a given arc length. Likewise, the smaller mean radius of the back flange
causes the mean subtended angle to be greater than nominal. The longeron with 𝛼 = 120◦ has the least deviations from
the nominal parameters. This suggests that the flanges sprang back almost exactly to the nominal radius, which resulted
in the subtended angle being very close to nominal as well. For the longeron with 𝛼 = 135◦, both flanges have a radius
smaller than nominal, which causes the subtended angle to be greater than nominal for both flanges. This suggests that
the flanges of this longeron did not spring back as much as expected.

Since the three longerons were all manufactured together out of the same longer longeron, it is interesting that there
is no clear pattern between their geometric parameters. This suggests that the temperature and other conditions in the
autoclave during curing may be nonuniform. However, overall the differences between the mean and nominal values for
all parameters are quite small, suggesting that from a global perspective the manufacturing process is very good.

Table 1 Mean Values of Longeron Geometrical Parameters

Sample Radius Subtended angle Arc length Web length
Nominal 13.6 mm 105◦ 25 mm 8 mm

𝛼 = 105◦ Front Flange (mean ± std) 13.82 ± 0.12 mm 104.37◦ ± 0.94◦ 25.17 ± 0.10 mm 8.28
Back Flange (mean ± std) 13.43 ± 0.19 mm 108.42◦ ± 1.54◦ 25.42 ± 0.11 mm ± 0.18 mm

Nominal 13.6 mm 120◦ 28.5 mm 8 mm
𝛼 = 120◦ Front Flange (mean ± std) 13.56 ± 0.17 mm 121.08◦ ± 1.92◦ 28.65 ± 0.19 mm 8.33

Back Flange (mean ± std) 13.53 ± 0.11 mm 121.68◦ ± 1.58◦ 28.73 ± 0.19 mm ± 0.14 mm

Nominal 13.6 mm 135◦ 32 mm 8 mm
𝛼 = 135◦ Front Flange (mean ± std) 13.16 ± 0.19 mm 142.15◦ ± 2.56◦ 32.64 ± 0.16 mm 8.20

Back Flange (mean ± std) 13.26 ± 0.11 mm 140.67◦ ± 1.77◦ 32.56 ± 0.16 mm ± 0.24 mm

The twist about the longeron’s axis was computed for both flanges and the web region of each longeron, as described
in Section III.A. Though it was expected that the twist would be uniform throughout the entire longeron cross-section,
all three longerons had a different twist profile for the front flange, back flange and web region. In all three cases, the
twist profile for the web region was bounded by that of the two flanges. An example of the trends for the parts of the
longeron with 𝛼 = 105◦ is shown in Fig. 7. The cause of this surprising discrepancy is currently under investigation.
For now, to obtain a single twist profile for each longeron, the mean of the twist in each flange and the web region was
computed at each discretized slice. The resulting mean twist profiles for the three longerons are compared in Fig. 8. In
both figures, a positive twist is defined as counter clockwise.
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Fig. 7 Example of twist in flanges and web for longeron with 𝛼 = 105◦.
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Fig. 8 Mean twist profile along the length of the longerons.

As shown in Fig. 8, the longeron with 𝛼 = 105◦ has the greatest twist with a maximum of 6.96◦ occurring at 𝑧 = 390
mm. This is a significant amount of twist that can affect the longeron’s structural properties. Additionally, the twist
profile is asymmetric and does not return to zero at the other end of the longeron. In contrast, the twist profile for the
longeron with 𝛼 = 120◦ is almost symmetric with the twist at 𝑧 = 490◦ returning almost to zero; while the longeron
with 𝛼 = 135◦ twists in the opposite sense near the right end and has negative twist at 𝑧 = 490◦. It is surprising that the
twist profiles for the three longerons are so different since they were all manufactured together.

B. Local Imperfections
The local radial deviations from the mean radius for both the front and back flange of each longeron are shown in

Fig. 9. The axial coordinate, measured from End 1 of each longeron, is plotted on the horizontal axis, the circumferential
coordinate is plotted on the vertical axis, with the edge of the flange at the top of the plot, and the contours show the
radial deviations, or imperfection amplitudes. Positive radial deviations indicate a larger local radius, or bump, and
negative deviations indicate a smaller local radius, or dimple, on the flange. For example, the red region in the top center
of Fig. 9b indicates a local bump, and the blue region in the top of Fig. 9c near 𝑧 = 300 mm indicates a local dimple.

The variation in the amount of white space at the top of the plots is caused by variations in the flange subtended
angle. Note that in regions where the subtended angle is larger (less white space at the top), the radial deviations are
negative since the flange radius varies inversely to the subtended angle. Likewise, in regions where the subtended angle
is smaller, the radial deviations are positive. The variation in the amount of white space at the bottom of the plots, such
as in Fig. 9b, is caused by the axial twist. Comparing Fig. 9a and Fig. 9b it is clear that the back flange has significantly
more twist than the front flange, which is in agreement with the twist profile in Fig. 7.

Next, a shape function was fitted to the dominant bump and dimple in the front and back flanges of each longeron
using the method described in Section III.B. Examples of the shape functions overlaid on the deviations of the flange
data from the mean radius for both flanges of the longeron with 𝛼 = 105◦ are shown in Fig. 10. The shape function does
not capture the sharper peaks and troughs of some of the bumps and dimples, for example the sharp peak of the bump in
Fig. 10b. This results in the amplitude of the shape function being less than the actual amplitude of the imperfection.
Additionally, the shape function does not capture the corners of wider valleys, such as the dimple in Fig. 10a. This
causes the length of the shape function to be smaller than that of the actual dimple. However, in general the fit of the
shape function is quite good and it gives a good quantitative measurement of the amplitude and length of the local
imperfections.

Table 2 provides the fit parameters of the shape function in Eq. (4) and the 𝑅2 value of the fit for the dominant
imperfections of each longeron. In all cases, the 𝑅2 value is above 0.9 indicating that the fit function is a relatively
good fit to the data. All of the dominant imperfections, other than the bumps on the front flanges of the longerons with
𝛼 = 120◦ and 𝛼 = 135◦, occur on the edge of the flange, i.e. 𝐶𝜃 = 𝜃𝑒. When this is the case, the maximum amplitude
occurs at 𝜃𝑒, and the actual length of the imperfection in the 𝜃 direction is 𝜆𝜃

2 since only half the period of the fit function
is on the flange. In most cases, the window size that resulted in the highest 𝑅2 value was approximately 𝜆𝑧 by 𝜆𝜃

2
and centered on (𝐶𝑧 , 𝐶𝜃 ), i.e. the bounds of the window are [𝐶𝑧 − 𝜆𝑧

2 , 𝐶𝑧 + 𝜆𝑧

2 ] and [𝐶𝜃 − 𝜆𝜃

2 , 𝐶𝜃 ]. There are a few
imperfections that are exceptions to this and the bounds of the windows that gave the best fit for these exceptions are
listed in Table 3. For these exceptions, the window size is a better approximation of the imperfection length since 𝜆𝑧

and 𝜆𝜃

2 are longer than the actual imperfection.
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(a) Front flange, 𝛼 = 105◦ (b) Back flange, 𝛼 = 105◦

(c) Front flange, 𝛼 = 120◦ (d) Back flange, 𝛼 = 120◦

(e) Front flange, 𝛼 = 135◦ (f) Back flange, 𝛼 = 135◦

Fig. 9 Radial imperfections of each flange. Negative deviations from the mean radius indicate inward buckles
(dimples) and positive deviations indicate outward buckles (bumps).

The amplitude, length in the 𝑧-direction, 𝐿𝑧 , and length in the 𝜃-direction, 𝐿 𝜃 , of the dominant imperfections for
each longeron based on the fit parameters in Table 2 and the modifications to the length described above are shown in
Table 4. In the 𝜃-direction, the imperfection length was converted from degrees to mm using the mean radius of each
flange to compute the arc length. The back flange of the longeron with 𝛼 = 105◦ has the imperfections with the greatest
amplitudes which are about 7 times the flange thickness. The mean imperfection amplitude is about 4 times the flange
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thickness. The mean imperfection length in the 𝑧-direction is 160 mm for bumps and 235 mm for dimples, which is 1
3

and almost 1
2 of the 𝑧 domain, respectively. The mean imperfection length in the 𝜃-direction is 14 mm which ranges

from just less than 1
2 to just over 1

2 of the flange arc length for the three longerons. These imperfections are surprisingly
long and border between local and global scale defects.

(a) Front flange (b) Back flange

Fig. 10 Example shape function fitted to dominant bump and dimple for each flange of the longeron with
𝛼 = 105◦.

Table 2 Parameters of Shape Function for Dominant Imperfections

Sample Imperfection type A [mm] 𝜆𝑧 [mm] 𝜆𝜃 [◦] b [mm] 𝐶𝑧 [mm] 𝐶𝜃 [◦] 𝑅2

Front flange, 𝛼 = 105◦ Bump 0.37 144.42 92.85 0.01 119.98 102.0 0.97
Dimple -0.38 339.76 173.45 -0.02 321.07 104.5 0.96

Back flange, 𝛼 = 105◦ Bump 0.67 280.0 159.59 -0.01 229.05 108.1 0.97
Dimple -0.72 194.36 167.0 0.13 415.51 108.7 0.98

Front flange, 𝛼 = 120◦ Bump 0.37 201.97 121.66 -0.03 67.61 96.18 0.97
Dimple -0.53 305.82 159.32 -0.03 283.67 122.7 0.96

Back flange, 𝛼 = 120◦ Bump 0.22 125.41 121.28 -0.06 170.42 119.9 0.93
Dimple -0.30 99.84 66.88 0.02 81.41 120.6 0.93

Front flange, 𝛼 = 135◦ Bump 0.44 196.02 135.0 -0.01 465.91 97.62 0.96
Dimple -0.48 399.35 109.97 0.10 285.61 142.3 0.94

Back flange, 𝛼 = 135◦ Bump 0.25 141.24 171.43 -0.09 110.67 139.7 0.95
Dimple -0.24 358.26 53.84 -0.06 387.0 139.2 0.96

Table 3 Bounds of Window that gave Highest 𝑅2 Value

Sample Imperfection type 𝑧𝑖 [mm] 𝑧 𝑓 [mm] 𝜃𝑖 [◦] 𝜃 𝑓 [◦]
Front flange, 𝛼 = 120◦ Bump 0 168 71 121.0
Front flange, 𝛼 = 135◦ Bump 390 490 75 136.0

Dimple 150 400 87 142.3
Back flange, 𝛼 = 135◦ Bump 40 181 80 139.7

Dimple 208 430 112 139.2
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Table 4 Amplitude and Length of Dominant Imperfections

Bump Dimple
Sample Amp [mm] 𝐿𝑧 [mm] 𝐿 𝜃 [mm] Amp [mm] 𝐿𝑧 [mm] 𝐿 𝜃 [mm]

Front flange, 𝛼 = 105◦ 0.37 144.42 11.20 0.38 339.76 20.92
Back flange, 𝛼 = 105◦ 0.67 280.0 18.70 0.72 194.36 19.57
Front flange, 𝛼 = 120◦ 0.37 168.0 11.83 0.53 305.82 18.85
Back flange, 𝛼 = 120◦ 0.22 125.41 14.32 0.30 99.84 7.90
Front flange, 𝛼 = 135◦ 0.44 100.0 14.01 0.48 250.0 12.70
Back flange, 𝛼 = 135◦ 0.25 141.24 13.82 0.24 222.0 6.29

Mean 0.39 159.8 13.98 0.44 235.3 14.37

C. Periodic Imperfections
Fig. 11 shows the results of the wavelength decomposition described in Section III.C for both the front and back

flange of each longeron. The wavelength in the 𝑧-direction is plotted on the horizontal axis, the wavelength in the
𝜃-direction is plotted on the vertical axis and the colored scale indicates the imperfection amplitude. The maximum
possible wavelength is the length of the longeron test region in the 𝑧-direction, 480 mm, and the flange arc length in
the 𝜃-direction. The flange thickness is 0.1 mm, so imperfections of interest are on the order of 0.01 mm (10% of the
flange thickness) and greater. For all flanges, there is no local maximum of the imperfection amplitude other than at the
wavelengths corresponding to the maximum values in the 𝑧 and 𝜃 domains (the orange region at the top right corner of
the plots). This suggests that there are no periodic imperfections in the flanges, since the only dominant length scales
are those created by the bounds of the data in the 𝑧 and 𝜃 directions.

One interesting thing to note in these plots is that the imperfection amplitude at the maximum values in the 𝑧 and 𝜃

domains is the mean of the radial deviations of that flange. Comparing Fig. 11e and Fig. 11f to the other plots in Fig.
11 clearly shows that the longeron with 𝛼 = 135◦ has less radial variations than the other two longerons, which agrees
with the results in Fig. 9.
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(a) Front flange, 𝛼 = 105◦ (b) Back flange, 𝛼 = 105◦

(c) Front flange, 𝛼 = 120◦ (d) Back flange, 𝛼 = 120◦

(e) Front flange, 𝛼 = 135◦ (f) Back flange, 𝛼 = 135◦

Fig. 11 Wavelength decomposition of 𝑅(𝑧, 𝜃) for each flange.
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V. Conclusion and Future Work
This work has presented an analysis method for characterizing the rich landscape of geometric imperfections present

in open cross-section, thin-shell composite structures. The method was used to measure the imperfections of three
longeron test samples revealing the types of defects most commonly introduced during the manufacturing process. The
differences between the mean and nominal values of the longeron cross-sectional parameters were found to be fairly
small, suggesting that the manufacturing process is very good from this perspective. However, significant axial twist
and local radial imperfections were found in all three longerons.

The amplitude and length of the dominant bump and dimple in both flanges of each longeron were computed. The
mean imperfection amplitude was found to be about four times the flange thickness. The mean imperfection length
was found to be a third and almost half of the axial length of the test region in the 𝑧-direction for bumps and dimples,
respectively; and about half of the flange arc length in the 𝜃-direction. These are significant imperfections that can
create weak spots where local buckling and other structural failures are likely to occur, and it is important to know that
these imperfections exist in the manufactured longerons.

No periodic imperfections were found in the flanges of the longeron test samples. However, if a structure had
periodic imperfections, the methods described in this work could be used to find their amplitudes and wavelengths.

Future work includes manufacturing and measuring the imperfections of more longerons to verify that the
imperfections found in this study are indeed representative of common manufacturing defects. The longerons will be
manufactured specifically for imperfection characterization, so their ends will remain free to eliminate any effects of the
acrylic end plates that may be present in the current results. While manufacturing the longerons, efforts will be made
to determine in which steps of the manufacturing process the twist and radial imperfections are introduced and how
to mitigate them. Furthermore, efforts will be made to understand why the mean geometric parameters and twist are
different between the three longerons though they were all manufactured together, and why the twist is different in the
two flanges and web region rather than being uniform through the cross-section.

Additionally, different types of functions will be fitted to the individual radial imperfections to see if a different
type of function better matches the shape of the data. Another approach could be to fit a function with the shape of
the imperfection that decreases the buckling knockdown factor most, to specifically look for local radial imperfections
with that shape. Finally, a numerical model of a longeron with the measured geometric imperfections will be created
to measure the buckling knockdown factor of the imperfect longerons. The numerical model will also be used to
compute the individual effect of each type of dominant imperfection on the knockdown factor to determine which is
most detrimental to the structure.
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