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in air and vacuum, to observe potential aeroelastic effects. Second, a finite element model capable of
representing the observed modal behavior is developed and analyzed. Geometric dimensioning is
accomplished via computed tomography (CT) imaging methods.

2. EXPERIMENTAL METHODS

2.1. Experimental Setup

Frequency analyses of a Manduca Sexta forewing were conducted using a Polytec PSV-400 scanning
laser vibrometer. Wings were mounted into a foam-lined clamp, which was bolted to a motor. The
motor was connected to an amplifier that received signals from the Polytec function generator. The
motor and wing were encased in a transparent, acrylic vacuum, angled to prevent back-scatter to the
laser head (see Figure 2). The wings were excited using a pseudo-random input, with frequencies up
to 400 Hz. Time domain data was acquired with velocity decoders and converted to the frequency
domain viathe fast Fourier transform (FFT). During vacuum tests, the pressure was held constant at
room temperature and approximately 530 Pa [3.98 Torr]. During testsin air, the vacuum chamber was
closed, but kept at room temperature and pressure.

Figure 2. Schematic of experimental setup.

Figure 3. Wing motor and laser configuration used during testing.
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Two laser heads were used while conducting frequency extraction tests. A reference laser focused on
the bolt-head that held the wing clamp in place, while the other laser scanned the wing, as shown in
Figure 3. The scanning laser followed a pre-set pattern of scan points over the surface of the wing.
During the tests, the motor flapped the wing at very low amplitudes®, to minimize any aeroelastic
influence that might not be present during normal operation by the Manduca Sexta. To ensure no
ambient air leaked into the vacuum during testing, a digital pressure gage was attached to the vacuum,
and monitored during testing.

2.2. Wing Preparation

The Manduca Sexta wings were removed scalpel by making an incision along the root (see Figure 4);
great care was taken to avoid damaging the wing prior to testing. Observed during this process was a
natural camber in the Manduca Sexta forewing, that was flattened when placed inside the motor clamp®.
This change in wing geometry imposes internal stress which in turn alters the natural frequencies and
mode shapes of the wing — an unacceptabl e result in anoninvasive experimental method. To circumvent
this unnatural flattening of the wing, polymeric foam paint was applied inside the clamp on both sides
of the wing, as shown in Figure 5. Frequency tests of homogeneous, isotropic beams were conducted
and compared to the published analytical solution [10] to verify the clamped boundary condition.

Figure 4. Cut location during wing removal [6].

(a) (b)

A A
Foam

Figure 5. Side view of a clamped Manduca Sextaforewing (a), and the foam-lined clamp of cross-section
A-A (). The four symbols shown in (a) are reference points for future photo-modeling use.

4 While not quantified, these amplitudes were small enough that they were barely visible with the naked eye.
5 Note that this camber is not constant during flight, as with man-made wings [16]. The present work considers structural characteristics only for
the static wing.
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2.3. Computed Tomography (CT) Imaging

The Manduca Sexta forewing is a highly complex structure. There are a multitude of veins and
membranes, many of which intersect multiple times. Because of this complexity, a high-fidelity
geometric model is required to proceed with any finite element efforts. One apparatus (among others)
that is capable of characterizing this geometry is a computed tomography (CT) “scanner.” Computed
tomography scanners rotate an imager around a specimen, while taking a series of X-ray images. These
two-dimensional images are then post-processed to build a three-dimensional digital model [7].

2.3.1. Imaging a Manduca Sexta Wing

A freshly removed wing was clamped, as shown in Figure 5, and placed inside the CT imager. Figure
6 shows the Manduca Sexta forewing, with only high-density structures visible. Note that in this
image, the inner and outer diameters of the veins are clearly visible upon close inspection, and the
boundary between vein and membrane is easily distinguishable. Perhaps one of the most obvious
artifacts of only resolving the higher-density structures is the noticeable lack of membrane tissue. It
appears that the wing skin is of equal density at all points, possibly indicating homogeneity — casting
doubt on previous assertions of varying material properties[1, 4, 9].

Figure 6. Processed CT image of a female Manduca Sexta’s right forewing, showing a prominent vein
structure.

2.3.2. Wing Geometry

A total of 16 cross-sectional images were obtained by digitally “slicing” the CT model; one such cross-
section is shown in Figure 7. Consisting of atotal of five veins, the image illustrates the complexity of
the Manduca Sexta vein structure — no two veins are alike, though all are approximately circular.
Furthermore, the vein closest to the trailing edge (right-most in Figure 7) is dramatically different than
the others at this particular cross-section location (Figure 6, A-A). Here, two veins are merging into
one, larger vein.

Figure 7. Cross-section A-A (see Figure 6) from a Manduca Sexta wing, approximately 2 mm. from the
root. The prominent left vein is the leading edge.
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2.4. MODAL IDENTIFICATION OF A MANDUCA SEXTA FOREWING IN
VACUUM

A Manduca Sexta forewing was analyzed using a scanning laser vibrometer to determine its frequency
content. Asdescribed previously, the frequency data were collected in vacuo, to eliminate any potential
aeroelastic effects. The frequency response function and coherence plots for this case are shown below,
in Figure 8 and Figure 9. Table 2 gives the first three natural frequencies observed in this experiment.

Table 2. Natural frequencies of a Manduca Sexta forewing in vacuum.
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Figure 8. Frequency response function (magnitude) for a Manduca Sexta wing in vacuum.

Notice that the coherence decreases as the frequency approaches the 400 Hz cutoff. Sincethisanalysis
is primarily concerned with only the first three modes, the reduction of coherence values at high-
frequencies does not negatively impact the fidelity of the low-frequency (less than 250 Hz)

measurements. These high coherence values seem to indicate that the wing is a linear structure, since
any structural response is strongly correlated to its excitation’.
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Figure 9. Spectral coherence for the Manduca Sexta wing analysis.

6 For the duration of this document, uncertainty values are based on manufacturer specifications unless otherwise specified.
7 Included in this structural linearity is the presence of any stress-stiffening effects on frequency response. For the present boundary conditions
these effects are either negligible or implicitly captured by this method.
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Although every continuous structure has an infinite number of natural frequencies, [10] considering
only thefirst three modes is sufficient for the purposes of thisanalysis. Previous research indicates that
the Manduca Sexta beats its wings at approximately 25 Hz. [16], thus it is unlikely that higher modes
have more than miniscule effects on the wing's operating deflection shape. It is therefore likely that
the first three modes are dominant in characterizing the action of the Manduca Sexta forewing.

The modeshapes — how the structure responds to a natural frequency input — are important
parameters in describing the wing®. Due to the orthogonality of the eigenval ues and eigenvectors, each
of the natural frequencies (modes) listed in Table 2 has a unique, associated modeshape [10]. The
modeshapes corresponding to the first three natural frequencies are shown below.

The first modeshape (86 Hz, Figure 10) behaves much like the first bending mode of a cantilevered
beam: the wing flapsin only one plane of motion, with a maximum displacement at thetip. By contrast,
the second mode (106 Hz, Figure 11) is similar to the first torsional mode of a plate fixed at oneend. The
maximum displacement is at the wing tip, with the leading and trailing edges deflecting asynchronously.
Also akin to the second mode of a plate fixed at one end (first torsion), the second modeshape of the
hawkmoth wing rotates about a central axis, approximately located at the half-chord® line.

=e=EE
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Figure 10. First modeshape (86 Hz) of a Manduca Sexta wing, shown from an isometric view (a) and a tip
view (b).

Figure 11. Second modeshape (106 Hz) of a Manduca Sexta wing, shown from an isometric view (a) and
a tip view ().

The third mode occurs at 155 Hz (Figure 12). In many ways, the behavior of the wing at this frequency
is similar to that of its second mode, with an important exception. Instead of asynchronous flapping
about the half-chord line, this mode displays synchronous (in-phase) flapping of the leading and trailing
edges at the tip. As this occurs, the half-chord line exhibits bending similar to the first-beam bending
mode, but out of phase with the flapping in the leading and trailing edges. The combination of the
leading / trailing tip flapping and half-chord bending crestes an overall deflection shape resembling a
saddle. This"“saddle mode” is shown below, in Figure 12.

8 1t should be noted that the term “modeshape’ is used here to denote an operational deflection shape that is strongly dominated by the wing
response at resonance
9 The wing chord is defined as a line connecting the leading and trailing edges of an airfoil [1].
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